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Stem cell-derived organoids and RNA virus pathogenesis
Camille Simoneau

Abstract

RNA viruses, including SARS-CoV-2, pose a dire threat to human health around the globe.
Single-stranded RNA viruses target a wide range of organs, causing a diverse set of clinical
symptoms. Here, Hepatitis C virus (HCV) in the Flaviviridae family, which targets the liver, and
SARS-CoV-2 in the Coronaviridae family, which primarily targets lung cells, are studied in stem
cell models. However, in vitro studies have been limited by the lack of robust laboratory model
systems. The recent development of organoids and other stem cell-derived systems has enabled
studies with tractable, biologically relevant, genetically diverse human systems to understand viral
replication and innate immune response. Other in vitro models lack cellular polarity and have a
dysregulated immune response while naturally susceptible in vivo models such as non-human
primates are often not accessible for many laboratories.

SARS-CoV-2 is the human pathogenic coronavirus causing COVID-19. While the primary
target for the virus is lung epithelial cells, symptoms can be found across multiple organ systems
including the gut, heart, and brain. The need to study the pathogenesis of SARS-CoV-2 in different
cell types became clear early in the COVID-19 pandemic. Here, we used iPSC-derived
cardiomyocytes to uncover sarcomeric fragmentation as a potential mechanism for cardiac-
related symptoms during or after COVID-19 infection. To understand the effects of SARS-CoV-2
and viral variants that arose during the pandemic, an adult stem cell-derived airway organoid
model was used. We found that organoids naturally had low levels of ACE2 receptor expression
and supported low levels of SARS-CoV-2 infection. Overexpression of ACE2 significantly
increased the percentage of cells that got productively infected. Single cell RNA-sequencing
showed that cells had high expression of interferon-stimulated genes as well as of interferon beta

and lambda.
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HCV infects hepatocytes and in 70% of cases leads to hepatocellular carcinoma if left
untreated. While direct-acting antivirals (DAAs) have been a breakthrough in HCV treatment, they
are expensive and do not prevent reinfection. Vaccination which stimulates T cell responses is
essential for reducing HCV incidence, and an in vitro system which is susceptible to HCV and can
interact with T cells is critically missing. Here, we develop a new system to coculture primary liver
organoids derived from HCV" patients with cytotoxic T cells recognizing a specific HCV epitope.
Using quantitative time course microscopy, organoid viability is successfully tracked after peptide
pulsing, with organoids expressing the HCV peptide dying at significantly higher rates than
organoids without the peptide.

Collectively, these studies take advantage of novel organoid technology to bring insight
into the pathogenesis of two important viral infections: SARS-CoV-2 and HCV. We expect our
studies to be impactful in the future by therapeutically addressing cardiac comorbidities in COVID-

19 and finding vaccines for HCV.
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Chapter 1: Modeling multi-organ infection by SARS-CoV-2 using stem cell technology
Introduction

A version of this chapter was published as:

Simoneau CR and Ott M. (2020) Modelling multi-organ infection by SARS-CoV-2 using stem
cell technology. Cell Stem Cell. 27(6):859-869.

Abstract

SARS-CoV-2, the virus causing the current COVID-19 pandemic, primarily targets the airway
epithelium and in lungs can lead to acute respiratory distress syndrome. Clinical studies in recent
months have revealed that COVID-19 is a multi-organ disease causing characteristic
complications. Stem cell models of various organ systems, most prominently lung, gut, heart and
brain, are at the forefront of studies aimed at understanding the role of direct infection in COVID-

19 multi-organ dysfunction.

Introduction

SARS-CoV-2 is a single-stranded RNA virus in the Coronaviridae family, which includes
the highly pathogenic SARS-CoV and MERS-CoV viruses, as well as the circulating human
coronaviruses OC43, NL63, HKU1 and 229E that cause mild seasonal respiratory illness (7).
SARS-CoV-2 emerged in human populations in December 2019 as the causative agent of the
current COVID-19 pandemic. COVID-19 primarily manifests as a respiratory iliness due to upper
and lower airway infection, viral pneumonia and, in severe cases, acute respiratory distress
syndrome (ARDS). Along with the primary lung and upper airway infections and respiratory
symptoms, COVID-19 patients can experience neurological, cardiac, pancreatic, digestive, and
renal symptoms, and SARS-CoV-2 RNA has been detected in various organ systems (Figure
1A,B) (2, 3). Respiratory symptoms as well as sequelae in secondary organs reportedly last long

after the virus has been cleared, and can cause significant impairment in the quality of life for



COVID-19 survivors (4). Therefore, it is important to understand how SARS-CoV-2 affects lung
epithelia and other organs. Specifically, whether the symptoms observed in the secondary organs
reflect a direct infection by SARS-CoV-2 or systemic immune over-activation remains an open
question. To investigate the possibility that SARS-CoV-2 infects multiple organs, many groups
have turned to stem cell-derived culture systems. The purpose of this review is to describe the
contribution of these model systems to our understanding of SARS-CoV-2 pathogenesis (Figure
1A, B).

Cancer cell lines have elucidated many aspects of virology, but often have a dysregulated
proteome, an impaired immune response, are homogenous and lack polarity (5). In contrast,
differentiated stem cell models, especially cultured as 3D organoids, maintain polarity, have
functional immune signaling and generally include multiple cell types. In 2D or 3D configurations,
they have emerged as excellent models for studying viral pathogenesis (5, 6). They can be
derived from induced pluripotent stem cells (iPSCs), embryonic stem cells or adult organ-derived
progenitor cells, and model a variety of organ systems including upper airway cells, alveolar type
Il cells, enterocytes, colonoids, cardiomyocytes, brain organoids, pancreatic organoids, kidney
cells and liver cells (5, 7, 8). In their undifferentiated “stem-like” state, these models can be
maintained for many passages in a laboratory, until differentiated into non-proliferating
parenchymal cells. The adult stem cell-derived organoids in both the proliferating state, such as
the AT2 and basal cells in the lung as well as in the differentiated state can be used to elucidate
essential biology of viral infection. Here we will discuss various stem cell-derived models used to
elucidate susceptibility of different organ systems to SARS-CoV-2, exploring their permissiveness
to viral infection, consequent innate immune responses, and the disruption of essential cellular

functions (Table 1).



SARS-CoV-2 Virology 101

The SARS-CoV-2 life cycle is intricately connected with its host cell. The single-stranded
RNA genome of SARS-CoV-2 is approximately 30 kb in length, and encodes sixteen nonstructural
proteins and four structural proteins. Entry into the cell occurs when the viral Spike protein (S) on
the surface of the virion binds to angiotensin converting enzyme 2 (ACE2) on the apical exterior
of the target cell (9) (Figure 2A). Studies that focus specifically on the entry of the virus into cells
can use pseudotyped viruses, which only reproduce the entry and fusion steps of SARS-CoV-2
but do not reproduce the full viral life cycle. Pseudotyped viruses generally built of lentiviral or
vesiculo-stomatitis virus-based vectors carrying the SARS-CoV-2 S protein (710) After processing
of S protein by host proteases, most prominently transmembrane serine protease 2 (TMPRSS2),
and successful uptake and membrane fusion, the viral genome is released into the host cell and
translated by the host ribosomes. This produces a large polyprotein of nonstructural proteins,
prominently the viral polymerase and two viral protease complexes that allow viral RNA replication
to begin. Replication occurs via a labile negative RNA step transiently creating a double-stranded
RNA (dsRNA) intermediate (Figure 2A) (17). The structural proteins, including spike and the viral
nuclear capsid protein (N), as well as several laterally acquired ORFs encoded at the 3’ end of
the viral RNA genome, are transcribed and translated separately via subgenomic RNA
transcription and translation (72).

The SARS-CoV-2 dsRNA as well as other pathogen-associated molecular patterns
(PAMPs) produced by the virus can be recognized by host immune sensors such as the RIG-I
receptors in the cytoplasm or toll-like receptors in the endosome (73). Immune response
pathways are activated in the infected cells, stimulating an innate antiviral immune response
indicated by interferon production and consequent activation of interferon-stimulated genes
(ISGs) (74). In parallel, structural and nonstructural viral proteins interact with numerous host
proteins to support viral replication, interfere with host pathways and diminish antiviral immune

responses (13, 15). SARS-CoV-2 viral replication causes apoptosis and cytopathic effects



(CPEs), releasing virions into the surrounding environment (77). While the basic principles of
SARS-CoV-2 viral replication are likely similar between different organ systems, cell-type-specific
differences in host factors supporting viral replication may exist, underscoring the need for a broad

spectrum of cell systems to study the pathogenesis of SARS-CoV-2.

Quantification of SARS-CoV-2 viral infection: a how-to guide

The viral life cycle offers multiple parameters for quantification of viral infection. Essential
for reproducible in vitro infection of cell culture models is knowing how many infectious viral
particles were added per cell during an experimental infection, a ratio known as multiplicity of
infection (MOI). Using a low MOI (<1) allows the infection to spread in culture if infectious viral
particles can be produced in the host cell, and mimics the natural course of SARS-CoV-2 infection.
MOlIs can be increased (>1) if the cell type is minimally permissive to infection, or a high infection
rate is desired for molecular studies. Notably, in organoid cultures MOls are difficult to standardize
due to the variability in cell numbers per organoid, and MOls are sometimes—erroneously—
reported as a ratio of virions to organoids or simply as a number of virions added. One caveat is
that viral titers and MOls are usually calculated based on results in highly susceptible Vero cells,
a long-cultured African green monkey kidney cell line that is highly susceptible to viral infections
and may not accurately reflect the infectivity of a virus in primary human cells.

Quantification of SARS-CoV-2 viral loads in infected cultures through a so-called plaque
assay is the gold standard (Figure 1C). This method quantifies the amount of infectious viral
particles produced into the supernatant of a culture system by measuring the CPE the particles
exert in a secondary culture. Briefly, supernatants of infected cells are serially diluted and
transferred onto highly susceptible cells overlaid with a layer of agar to concentrate the virus to
the areas of initial infection. Infectious virus is quantified as plaque-forming units (PFUs), which
represent the number of areas where infected cells have died and left a macroscopic blank spot—

a plague—on a plate.



The number of SARS-CoV- infected cells in a culture can also be determined by
immunofluorescence microscopy using antibodies against the structural proteins, usually N or S,
or against dsRNA intermediates. Human cells do not harbor dsRNA, and antibodies against it
have been widely used to identify cells infected with positive stranded RNA viruses (Figure 1C)
(76). While N and S antibodies determine the percentage of cells harboring virus, antibodies
against dsRNA further reveal whether cells are actively replicating viral RNA as these antibodies
detect the duplex formed of positive and negative RNA strands during active RNA replication. By
incorporating viral stains with co-stains, information about the cells’ viability and the subcellular
localization of viral proteins or RNA replication centers can simultaneously be assessed with the
number of infected cells. Finally, viral RNA counts can also be assessed by quantitative RT-PCR
in cells or in the cell supernatant (Figure 1C). While this is the most sensitive method to detect
viral production, in SARS-CoV-2 infection it also captures non-infectious viral RNA species
including subgenomic RNAs that are produced in the infected cells but can be released into the
supernatant after CPE. In combination, the readouts of viral titer, IF and RT-gPCR, fully capture

the infectious state of a target cell in different cell systems.

Upper and lower airway: the primary target

Expression of the ACEZ2 protein in the respiratory tract is highest in the nasal cavity, and
decreases through the upper airway and into the alveoli, where it is described as lowly or variably
expressed between different donors. (77, 18). Whether ACE2 mRNA and protein levels correlate
is not clear, but low mRNA levels have also been measured in the alveoli (18, 19). More definitive
data at the protein level are needed to quantify ACE2 expression in the respiratory tract.
Consistent with the ACE2 expression pattern, SARS-CoV-2 virus is found in few airway cells upon
autopsy, raising the possibility that (A) only a small percentage of lung epithelial cells are
susceptible to infection or (B) infection is more widespread in the early days of infection but has

been cleared from most parts of the lung by the time of autopsy. (20). Evidence points to ciliated



cells as the main target of the virus in the upper airway, and to alveolar type Il (AT2) cells as the
target in the alveoli (17, 20). While the virus replicates actively in the nasal epithelium and the
upper airway, lung pathology occurs when the virus reaches the alveoli and has the potential to
evolve into ARDS.

Both iPSC and adult stem cell models of upper airways in organoid form have been
previously established and characterized. (8, 27). The adult stem cell organoid model was
successfully infected after differentiation at the air-liquid interface (ALI), a specific procedure
where cells are plated on a thin layer of matrigel in a transwell system with the basolateral surface
of the cells in contact with differentiation media while the apical side is exposed to air (22). At an
MOI of 0.1, the differentiated cells produce infectious virus, quantified through plaque assay as
early as 24 hours after infection (22) (Figure 2D). Similar results were obtained when basal cells
isolated from donors were directly differentiated at the ALI, with virus detected 2 days post
infection. At a MOI of 0.1, under 5% of cells were positive for SARS-CoV-2 72 hours post-infection
and single cell RNA-sequencing revealed upregulation of interferon related genes (23). Notably,
this model was also used to investigate the effect of cigarette smoke on SARS-CoV-2 infection,
showing that smoke increased the number of SARS-CoV-2 positive cells (23). IPSC derived
models of airway cells have also successfully been infected with SARS-CoV-2 and used to model
drug treatment, although the dynamics of infection in this model must be explored further (24).

Although infection of AT2 cells in the lung is recognized as the primary driver of ARDS, in
vitro models of AT2 cells have multiple challenges, including rapid dedifferentiation and the need
for feeder cells such as fibroblasts. The SARS-CoV-2 pandemic and central role of AT2 cells in
severe disease has spurred development of new culture systems for AT2 cells, either through
successful differentiation of iPSCs or maintenance of primary AT2 cells, aligning research in stem
cell biology and SARS-CoV-2 infection. Three groups have successfully infected these new
models with SARS-CoV-2, two using novel culture systems for primary AT2 cells, and one using

the iIPSC model (25-27). Notably, while primary AT2 cell cultures were successfully trans-



differentiated into AT1 cells, the role of SARS-CoV-2 infection in the trans-differentiated cells has
not been explored (25, 27). AT2 cells, grown in 2D or 3D culture conditions, were characterized
by surfactant protein-C (SFTPC) expression, a protein exclusively produced in AT2 cells. ACE2
and TMPRSS2 localized to the apical surface in these models, consistent with entry of the virus
from the airways in vivo. MOls varied in these studies, but a high MOI (>1) was necessary to
achieve infection of more than 20% of cells early after infection, pointing to relatively low
permissiveness of these cells, at least in culture (26).

Bulk RNA-sequencing in all three studies demonstrated the ability of AT2 cells to produce
type | interferon and upregulate ISGs upon infection (25-27). While all studies reported an
upregulation of ISGs by at least 96 hours of infection, the kinetics of the immune response varied.
In the iPSC-derived model, the immune response did not appear until four days post infection,
and has up to 33% of reads mapped to the viral genome as early as one day post infection (26).
In contrast, in the primary AT2 model, interferon response was upregulated at 48 hours post
infection and only 4.7% of transcripts mapped to the SARS-CoV-2 genome (25). Whether this
difference is due to viral load or differences in the cell culture system remains an open question.
Single-cell RNA sequencing revealed two distinct patterns of interferon response: cells expressing
high levels of ISGs and cells with low ISG expression but upregulated apoptotic pathways (27).
However, correlation with viral load was not discussed. Genes related to cell death, cell adhesion,
and surfactant proteins were also upregulated during infection in the AT2 cells, potentially
providing a window into the mechanisms of lung epithelium dysfunction during COVID-19 (Figure
2B).

Because the pathology of severe COVID-19 disease is caused by a dysregulated immune
response, more complex models have been applied to studying lung pathogenesis of SARS-CoV-
2 infection. A system derived from adult stem cells and containing a mixture of upper airway and
lung cells has been used to probe the interplay between airway and alveolar cells (28). Mimicking

what has been seen in vivo, SARS-CoV-2 infection was more widespread in airway cells than in



the alveolar cells. Notably, this culture system generated an immune gene signature very similar
to that seen in COVID-19 patient lungs when assessed by bulk RNA sequencing, whereas the
epithelial cell types cultured alone did not. The similarity to in vivo results suggests that this
platform could be essential for testing interventions that aim to decrease viral replication and
overactive immune signaling (28).

A previously established differentiated iPSC system that contained ciliated, goblet, and
alveolar cells was infected with SARS-CoV-2 in the presence of autologous iPSC-derived M1 and
M2 macrophages (21, 29). The SARS-CoV-2 N protein was detectable via immunofluorescence
in all types of airway epithelial cells, and the addition of macrophages decreased the expression
of N protein (though this effect was not quantified), indicating that macrophages can recognize
and remove infected cells. Notably, N protein was also detected in cocultured macrophages, in
contrast to previous reports showing no infection of isolated macrophage cultures (7, 29). One
possibility is that macrophages in proximity to infected lung epithelial cells may be rendered
permissive for infection. Another option is that N* macrophages phagocytosed infected epithelial
cells without themselves becoming actively infected.

Further studies are necessary to evaluate SARS-CoV-2 infection of complex lung cell
models. It is critical to understand the dynamics of innate immune responses in these models as
the timing of infiltration of innate immune cells such as macrophages is a recognized determinant
of the pathology of COVID-19 (30). These models could serve as unique drug-testing platforms
of the cytokine storm associated with ARDS. They will also shed light on how the upper and lower
airways can be the major site of pathogenesis and damage despite their low ACE2 expression

and relatively low permissiveness to infection in monocultures.

Primary or secondary infection in the gut?
The presence of viral RNA in the gut is widely recognized, and the detection of viral RNA

in stool samples, along with gastrointestinal symptoms, occurs in up to 20% of symptomatic



carriers during COVID19 (37). However, whether virus found in the gut is infectious remains
controversial: the few studies that looked for infectious virus in the feces rarely found any (32). In
culture, primary gut cells are highly permissive to SARS-CoV-2, and capable of producing
infectious virions. Stem cell-derived intestinal organoids are well characterized and widely used
to study viral infection, notably norovirus infection (33, 34). Since these organoids are widely used
in research and support high levels of viral replication, they are poised to become an essential
model system for studying the gut pathogenesis of SARS-CoV-2.

Intestinal organoids are readily grown from adult stem cells isolated from both large and
small intestine biopsies (33). Upon differentiation, these organoids contain mature enterocytes,
goblet cells, enteroendocrine cells and Paneth cells. ACE2 is expressed robustly in the small
intestine along with the serine protease, TMPRSS2, both in vivo and in the associated stem cell
models. In contrast, colonic organoids have low ACE2 receptor expression (32). Notably,
TMPRSS4 can perform the same function as TMPRSS2 in intestinal organoids, supporting entry
of the virus (32). As in other organoid systems, ACE2 receptors, which are expressed on the
apical side of organoids cells, face inwards; thus manipulation of the organoids is generally
necessary for successful infection. This can be achieved by dissociating the organoids prior to
infection. Alternatively, intestinal cell cultures can be grown in 2D in transwell systems.

Two groups have shown that ileal organoids—organoids modeling the small intestine—
can be infected by SARS-CoV-2 and produce live virus (22, 32)(Figure 2D). In these organoids
SARS-CoV-2, similar to its close cousin SARS-CoV, infects primarily mature enterocytes and cells
that are undergoing cell division (22, 32). Bulk RNA sequencing analysis shows that SARS-CoV-
2 generates a robust interferon response as early as 24 hours post infection, and even stronger
by 60 hours, exceeding the response triggered by SARS-CoV (Figure 2B) (22). Caspase-3, a
marker of apoptotic cell death, is upregulated in infected cell cultures, indicating gastrointestinal
cell damage caused by the virus. However, alterations of ilium-specific cellular pathways have

not yet been reported after infection. There is a brief report of successful SARS-CoV-2 infection



of iPSC-derived colonoids, leading to an upregulation of cytokine signaling and apoptotic
pathways, and the difference in infection between the two models should be further explored (35).

lleal organoids in culture produce infectious virions as confirmed by plaque assays (22).
However, whether in vivo the virus survives in the gut remains a question. When SARS-CoV-2
virus was incubated with gastric fluids from the large and small intestine, it rapidly lost infectivity,
suggesting that while infection in the gut may occur transiently, the fecal-oral route may not be a

major driver of viral transmission (32).

Widespread damage in the heart

Cardiac complications are increasingly taking center stage during COVID-19 iliness.
Increased levels of troponin, a marker of cardiac dysfunction occur in over 25% of hospitalized
patients (4, 36), and COVID-19 survivors often experience myocarditis (4). The role of direct
infection of heart cells by SARS-CoV-2 remains unclear, but viral RNA has been detected in the
heart in a small number of case studies (3). In vitro, multiple groups have demonstrated by that
iPSC-derived cardiomyocytes are highly susceptible to SARS-CoV-2 infection and to ensuing
functional damage.

iPSC-derived cardiomyocytes express ACE2 but only low to undetectable levels of
TMPRSS2. Infection of cardiomyocytes is not abrogated by the addition of Camostat,a TMPRSS2
inhibitor, suggesting that TMPRSS2 is not required for SARS-CoV-2 infection in cardiomyocytes.
Instead, the cathepsins CTSL and CTSB, which are expressed in iPCS-derived cardiomyocytes,
appear sufficient to allow SARS-CoV-2 entry (37). Direct infection has been confirmed with both
S-protein pseudotyped viruses which only model entry and infectious viruses (7, 38, 39). Multiple
virological assays—detection of dsRNA, RT-qPCR in the culture supernatant, and S protein
staining—and plaque assays have all confirmed their permissiveness of iPSC derived
cardiomyocytes to SARS-CoV-2 infection (Figure 2D) (37-39). Primary heart tissue is also

successfully infected by SARS-CoV-2 ex vivo, underscoring the validity of the stem cell model to

10



recapitulate the in vivo situation (38). In vitro infection of cardiomyocytes induces widespread CPE
and a strong interferon response as demonstrated by multiple groups via bulk RNA sequencing
(Figure 2B) (37-39).

Direct infection of cultured cardiomyocytes and reports of myocarditis in infected
individuals raise the specter of long-term cardiovascular impairment in COVID19 survivors.
Notably, SARS-CoV-2 infection impairs the in vitro ability of cardiomyocytes to beat, either
because of viral cytopathic effects or specific disruption of contractility (Figure 2C) (39).
Fragmentation of troponin T filaments observed during SARS-CoV-2 infection may explain the
disruption of cardiomyocyte contractility (37). Overall, the highly permissive cardiomyocyte model
offers not only plenty of opportunities to study the pathogenesis of cardiac complications during

COVID-19 but also a solid model for in vitro infection of the virus.

Brain: a not so innocent bystander?

A variety of neurological symptoms are common among symptomatic SARS-CoV-2
carriers, most commonly loss of smell and taste, headache and dizziness, while severe symptoms
such as cerebrovascular events or seizures remain rare (40). Loss of taste was reported in up to
50% of patients, and headache in up to 20% (40). Here too, the question of whether direct
infection or systemic immune responses cause organ damage remains open. Individual cases of
SARS-CoV-2 RNA detection in cerebral spinal fluid (CSF) have been reported, but overall, viral
RNA is found in less than one percent of tested CSF samples (47).

A number of iPSC-derived systems have been used to identify potential target cells of
SARS-CoV-2 in the central nervous system, but results remain controversial. Variation in
differentiation protocol, length of infection or differences in MOI could explain the discrepancy
between reported results. For example, infection of iPSC-derived cortical neurons alone, either
with S-protein pseudotyped or infectious virus at a high MOI, resulted in minimal infection (< 1%)

suggesting that neurons are not a primary target of viral infection (7, 42). However, when a model
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of brain organoids containing both cortical neurons and neural progenitor cells (NPCs) was
infected, SARS-CoV-2 antigen was found in the neurons (though not quantified) and not the
NPCs, and the supernatant was reported to contain10® PFU/ml of released virus (Figure 2D) (43).
In a third study of brain organoids, no live virus was recovered from the supernatant, but antigen
was found in the neurons, suggesting that the virus had entered but not replicated in cortical
neurons in this case (43, 44). However, this abrogated entry of live virus alone dysregulated
neuronal functions, as shown by abnormally localized Tau protein and neuronal cell death (44).
This observation indicates that abortive infection of neurons may contribute to some of the
reported neurological symptoms (Figure 2C).

While iPSC-derived brain organoids representing the cortical, hippocampal, hypothalamic,
and midbrain regions of the brain reportedly show low infection rates, organoids representing
choroid plexus epithelial cells adjacent to the hippocampus were infected at rates of 10-20%,
depending on the donor (42, 45). These cells produce most of the cerebrospinal fluid and thus
could contribute to wide-spread distribution of virions in the brain and spinal cord. Choroid plexus
organoids produced infectious virus as early as 24 hours post infection, even when infected with
very low MOls. Bulk RNA sequencing indicated that infection occurred despite a vigorous innate
immune response resulting in expression of interferon and ISGs (Figure 2B). Notably, the
expression of genes related to ion transport and cell adhesion was altered, showing that viral
infection could directly interfere with the function of these cells. Decline of tight junction proteins
during SARS-CoV-2 infection was also confirmed by microscopy by others (45).

Overall, in vivo infection of the nervous system remains a matter of debate, and further
evidence from autopsies of COVD-19 deaths is required in the search for direct viral targets.
Understanding the signature of direct infection in vitro will suggest areas of investigation in vivo

and possibly lead to neuroprotective treatments in the future.
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Kidney, liver & pancreas: too little attention yet

Emerging evidence shows that kidney, liver and pancreas are affected by SARS-CoV-2,
but these organs remain understudied in in vitro models so far (3, 46, 47). All three organs express
the viral ACE2 receptor, and stem cell-derived models of the liver and pancreas have shown that
viral entry is possible in vitro (7). In the pancreas, the endocrine alpha and beta cells are the major
targets of in vitro SARS-CoV-2 infection. Apoptotic and insulin resistance pathways activated
upon infection of pancreatic beta cells (7). The direct infection of beta cells demonstrated in vitro
could explain the increased incidence of type | diabetes in asymptomatic SARS-CoV-2 carriers
(47). In the liver, infection of adult stem cell-derived cholangiocyte and hepatocyte organoids with
SARS-CoV-2 led to high percentages of SARS-CoV-2 S+ cells (40% and 80% respectively),
leading to an increase in chemokine production and IL-17 signaling (7). Some people hospitalized
for COVID-19 show increased levels of liver enzymes, a sign of temporary liver damage, and
acute kidney injury requiring dialysis has been reported in otherwise healthy individuals. AniPSC-
derived model of human kidney organoids has been used to test soluble ACE2 as a protective
treatment against SARS-CoV-2, but viral infection in this system has not been characterized (48).
More clinical and molecular studies are needed to understand the impact of SARS-CoV-2

infection on these organs.

Conclusion

The advance in stem cell biology and resulting differentiated cell models has significantly
accelerated research of SARS-CoV-2 pathogenesis in different organs. Completion of the viral
life cycle of SARS-CoV-2 has been shown in airway, alveolar, gut, cardiac and pancreatic stem
cell derived systems, with significant questions remaining in the brain, kidney and liver models.
Many reported similarities between these cell culture systems point to universal mechanisms of
viral infection and the innate immune response. While MOI and kinetics of infection vary, all

reported infections eventually lead to an interferon or cytokine response and cell death. However,
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the virus diminishes the function of these cells it infects in various ways from abrogating the
beating of cardiomyocytes to weakening the tight junctions between choroid plexus cells in the
brain. As the long-term symptoms arising in various organ systems are naturally different,
understanding these differences and developing treatments to target these organ-specific
pathways are essential. Nevertheless, the basics of viral replication remain consistent across cell
types, with some variability in the viral entry process.

We are still in the early stages of SARS-CoV-2 research and susceptibility or resistance
to SARS-CoV-2 in these models must be confirmed with rigorous clinical studies. In vitro studies
have obvious limitations, lacking immune cells and interplay with other organ systems. While great
strides have been made in improving and refining cellular differentiation protocols, stem cell-
derived models can have significant differences in gene expression as compared to primary
organ-derived cells, and may not fully recapitulate the cellular response in primary cells. IPSC
models in particular lack genomic stability and may not recapitulate the full maturity of primary
cells (49). As research on SARS-CoV-2 moves forward, these models will need to be reassessed,
improved, and used for new questions. For example, these studies have focused on the role of
ACE2 as the necessary factor for entry into the cell. Recently the role of other factors in entry
have been identified, and the expression of these factors in the models discussed in this review
will have to be addressed (50-52).

While the wave of first reports discussed here demonstrate more or less successful
infection and offer important first insight into the mechanisms of organ involvement, more
questions have arisen from these first studies. For example, why are airway cells relatively
resistant to viral infection in vitro while other organ systems like the heart and the gut are widely
infectible? How is infection spreading in vivo from the upper and lower airways to secondary
organs despite the very low levels of virus reported in the blood (53). The stem cell-derived models
point to the terminally differentiated cells as targets of SARS-CoV-2, but the role of tissue-resident

stem cells remains unaddressed. In particular, the question of possible hit-and-run mechanisms
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affecting stem cells is becoming a pressing question in light of clinical “long haulers”, COVID
survivors suffering from long-term clinical symptoms after clearance of the virus. While iPSCs and
some tissue-resident progenitor cells are resistant to viral infections due to an abnormal interferon
response, the question of direct infection by SARS-CoV-2 or bystander damage remains open
(54). Current stem cell technologies offer unique opportunities to study this and other pressing
issues, including role of genomic variation, age and pre-existing conditions in donors. Future work
incorporating these factors and more complex immune cell populations into stem cell-derived
models will be critical to understand the complete pathology of multi-organ involvement in COVID-

19.

Acknowledgements

We thank Dr. Frangoise Chanut for editorial assistance, Veronica Fonseca for administrative
assistance and John CW Carroll for graphic design. Figures were based on Biorender.com
templates and edited by John CW Carroll. M.O. was supported by NIH 5DP1DA038043, NIDDK
1R01DK123746-01, NIAID RO1AI097552-01A1 and acknowledges support through gifts from

the Roddenberry Foundation and Atlantic Philanthropies.

15



References

1.

10.

11.

T. S. Fung, D. X. Liu, Human Coronavirus: Host-Pathogen Interaction. Annu Rev
Microbiol 73, 529-557 (2019).

W. J. Wiersinga, A. Rhodes, A. C. Cheng, S. J. Peacock, H. C. Prescaott,
Pathophysiology, Transmission, Diagnosis, and Treatment of Coronavirus Disease 2019
(COVID-19): A Review. JAMA 324, 782-793 (2020).

V. G. Puelles et al., Multiorgan and Renal Tropism of SARS-CoV-2. N Engl J Med 383,
590-592 (2020).

M. Marshall, The lasting misery of coronavirus long-haulers. Nature 585, 339-341
(2020).

S. Ramani, S. E. Crawford, S. E. Blutt, M. K. Estes, Human organoid cultures:
Transformative New Tools for Human Virus Studies. Curr Opin Virol 29, 79-86 (2018).
Y. E. Bar-Ephraim, K. Kretzschmar, H. Clevers, Organoids in immunological research.
Nat Rev Immunol 20, 279-293 (2019).

L. Yang et al., A Human Pluripotent Stem Cell-based Platform to Study SARS-CoV-2
Tropism and Model Virus Infection in Human Cells and Organoids. Cell Stem Cell 27,
125-136 €127 (2020).

N. Sachs et al., Long-term expanding human airway organoids for disease modeling.
EMBO J 38, (2019).

J. Shang et al., Cell entry mechanisms of SARS-CoV-2. Proc Natl/ Acad Sci U S A 117,
11727-11734 (2020).

K. H. D. Crawford et al., Protocol and Reagents for Pseudotyping Lentiviral Particles with
SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses 12, (2020).

A. H. de Wilde, E. J. Snijder, M. Kikkert, M. J. van Hemert, Host Factors in Coronavirus

Replication. Curr Top Microbiol Immunol 419, 1-42 (2018).

16



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

A. R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and
pathogenesis. Methods Mol Biol 1282, 1-23 (2015).

X. Lei et al., Activation and evasion of type | interferon responses by SARS-CoV-2. Nat
Commun 11, 3810 (2020).

I. Busnadiego et al., Antiviral Activity of Type I, Il, and Il Interferons Counterbalances
ACE2 Inducibility and Restricts SARS-CoV-2. mBio 11, (2020).

D. E. Gordon et al., A SARS-CoV-2 protein interaction map reveals targets for drug
repurposing. Nature 583, 459-468 (2020).

F. Weber, V. Wagner, S. B. Rasmussen, R. Hartmann, S. R. Paludan, Double-stranded
RNA is produced by positive-strand RNA viruses and DNA viruses but not in detectable
amounts by negative-strand RNA viruses. J Virol 80, 5059-5064 (2006).

Y. J. Hou et al., SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in
the Respiratory Tract. Cell 182, 429-446 e414 (2020).

M. E. Ortiz et al., Heterogeneous expression of the SARS-Coronavirus-2 receptor ACE2
in the human respiratory tract. EBioMedicine 60, 102976 (2020).

C. G. K. Ziegler et al., SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in
Human Airway Epithelial Cells and Is Detected in Specific Cell Subsets across Tissues.
Cell 181, 1016-1035 1019 (2020).

I. M. Schaefer et al., In situ detection of SARS-CoV-2 in lungs and airways of patients
with COVID-19. Mod Pathol, (2020).

S. X. Huang et al., Efficient generation of lung and airway epithelial cells from human
pluripotent stem cells. Nat Biotechnol 32, 84-91 (2014).

M. M. Lamers et al., SARS-CoV-2 productively infects human gut enterocytes. Science

369, 50-54 (2020).

17



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

A. Purkayastha et al., Direct Exposure to SARS-CoV-2 and Cigarette Smoke Increases
Infection Severity and Alters the Stem Cell-Derived Airway Repair Response. Cell Stem
Cell 27, 869-875 €864 (2020).

R. Samuel et al., Androgen Regulates SARS-CoV-2 Receptor Levels and Is Associated
with Severe COVID-19 Symptoms in Men. Cell Stem Cell, (2020).

H. Katsura et al., Human lung stem cell-based alveolospheres provide insights into
SARS-CoV-2 mediated interferon responses and pneumocyte dysfunction

Cell Stem Cell, (2020).

J. Huang et al., SARS-CoV-2 Infection of Pluripotent Stem Cell-Derived Human Lung
Alveolar Type 2 Cells Elicits a Rapid Epithelial-Intrinsic Inflammatory Response. Cell
Stem Cell, (2020).

J. Youk et al., Three-Dimensional Human Alveolar Stem Cell Culture Models Reveal
Infection Response to SARS-CoV-2. Cell Stem Cell, (2020).

C. Tindle et al., Adult Stem Cell-derived Complete Lung Organoid Models Emulate Lung
Disease in COVID-19. bioRxiv, (2020).

F. Duan et al., Modeling COVID-19 with Human Pluripotent Stem Cell-Derived Cells
Reveals Synergistic Effects of Anti-inflammatory Macrophages with ACE2 Inhibition
Against SARS-CoV-2. Res Sq, (2020).

M. Merad, J. C. Martin, Pathological inflammation in patients with COVID-19: a key role
for monocytes and macrophages. Nat Rev Immunol 20, 355-362 (2020).

Y. Chen et al., The presence of SARS-CoV-2 RNA in the feces of COVID-19 patients. J
Med Virol 92, 833-840 (2020).

R. Zang et al., TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of human
small intestinal enterocytes. Sci Immunol 5, (2020).

T. Sato et al., Long-term expansion of epithelial organoids from human colon, adenoma,

adenocarcinoma, and Barrett's epithelium. Gastroenterology 141, 1762-1772 (2011).

18



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

K. Ettayebi et al., Replication of human noroviruses in stem cell-derived human
enteroids. Science 353, 1387-1393 (2016).

Y. Han et al., Identification of SARS-CoV-2 Inhibitors using Lung and Colonic Organoids.
Nature, (2020).

R. O. Bonow, G. C. Fonarow, P. T. O'Gara, C. W. Yancy, Association of Coronavirus
Disease 2019 (COVID-19) With Myocardial Injury and Mortality. JAMA Cardiol 5, 751-
753 (2020).

J. A. Perez-Bermejo et al., SARS-CoV-2 infection of human iPSC-derived cardiac cells
predicts novel cytopathic features in hearts of COVID-19 patients. bioRxiv, (2020).

D. Bojkova et al., SARS-CoV-2 infects and induces cytotoxic effects in human
cardiomyocytes. Cardiovasc Res, (2020).

A. Sharma et al., Human iPSC-Derived Cardiomyocytes Are Susceptible to SARS-CoV-
2 Infection. Cell Rep Med 1, 100052 (2020).

X. Chen et al., A systematic review of neurological symptoms and complications of
COVID-19. J Neurol, (2020).

G. Destras et al., Systematic SARS-CoV-2 screening in cerebrospinal fluid during the
COVID-19 pandemic. Lancet Microbe 1, e149 (2020).

F. Jacob et al., Human Pluripotent Stem Cell-Derived Neural Cells and Brain Organoids
Reveal SARS-CoV-2 Neurotropism Predominates in Choroid Plexus Epithelium. Cell
Stem Cell, (2020).

B. Z. Zhang et al., SARS-CoV-2 infects human neural progenitor cells and brain
organoids. Cell Res 30, 928-931 (2020).

A. Ramani et al., SARS-CoV-2 targets neurons of 3D human brain organoids. EMBO J
39, 106230 (2020).

L. Pellegrini et al., SARS-CoV-2 Infects the Brain Choroid Plexus and Disrupts the

Blood-CSF Barrier in Human Brain Organoids. Cell Stem Cell, (2020).

19



46.

47.

48.

49.

50.

51.

52.

53.

54.

Y. Wang et al., SARS-CoV-2 infection of the liver directly contributes to hepatic
impairment in patients with COVID-19. J Hepatol 73, 807-816 (2020).

F. Rubino et al., New-Onset Diabetes in Covid-19. N Engl J Med 383, 789-790 (2020).
V. Monteil et al., Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues
Using Clinical-Grade Soluble Human ACE2. Cell 181, 905-913 €907 (2020).

M. X. Doss, A. Sachinidis, Current Challenges of iPSC-Based Disease Modeling and
Therapeutic Implications. Cells 8, (2019).

D. Bestle et al., TMPRSS2 and furin are both essential for proteolytic activation of
SARS-CoV-2 in human airway cells. Life Sci Alliance 3, (2020).

T. M. Clausen et al., SARS-CoV-2 Infection Depends on Cellular Heparan Sulfate and
ACE2. Cell 183, 1043-1057 (2020).

L. Cantuti-Castelvetri et al., Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity.
Science 370, 856-860 (2020).

W. Wang et al., Detection of SARS-CoV-2 in Different Types of Clinical Specimens.
JAMA 323, 1843-1844 (2020).

X. Wu et al., Intrinsic Immunity Shapes Viral Resistance of Stem Cells. Cell 172, 423-

438 e425 (2018).

20



Figures

~
A Primary Infection in Lung Epithelial Cells Adult and
iPSC-derived C Readouts of
AT2 Cells Viral Infection
SARS-CoV-2 /_\
iPSC-derived
@ Lung Organoids ) Pluaque Assay e
Ez @ - NABRAAAARS
N 3 f\\<\v/\'z/
In Vitro e %fd\\%ﬁ
Modeling of Viral RNA Quantification
SARS-CoV-2 e
_Infection Adult Stem Cell-
in the Lung derived Lung
Epithelial Cells

||

Immunofluorescence

B Spread to Secondary Organs

G 0 @ 06 ® 6 6 o

@ @ GUT HEART BRAIN | PANCREAS KIDNEY LIVER

e @ NZ 0O 0

Infection O pqut Stem | iPSC-derived | iPSC-derived | iPSC-derived | iPSC-derived |  Adult Stem

Stem Cell Cell-derived Cardio- Brain | Pancreatic | Kidney Cells | Cell-derived
Models Gut Organoids myocytes | Organoids |  Organoids Liver
Organoids

.

Figure 1.1: Stem cell derived models for studying SARS-CoV-2 complications in multiple organ

systems

A. SARS-CoV-2 enters through the mouth and nasal cavity and spreads down through the
upper airway into the alveoli. Lung infection of SARS-CoV-2 has been modeled through
iPSC derived lung organoids, stem cell derived AT2 cells, and adult stem cell derived upper
airway cells.

B. Direct infection of SARS-CoV-2 may occur in other organs during COVID19 disease. Gut,
heart, brain, pancreatic, kidney and liver infection have been modelled through stem cell
derived models.

C. Understanding of viral replication dynamics in in vitro models is quantifiable through plaque
assay, viral RNA quantification, and immunofluorescence
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Figure 2: SARS-CoV-2 replication and interaction with host cells.

A)

B)

C)

D)

Simplified schematic of the viral replication cycle. The virus enters the cell through binding
of the ACE2 receptor, and is internalized. Inside of the cell, viral RNA is produced, and
structural and non structural proteins are translated. New virions are assembled and
released from the cell, resulting in cell lysis.

Interferon pathway activation by SARS-CoV-2. Innate immune sensors recognize the virus
and transcription of interferon is turned on, leading to the production of interferon
stimulated genes. Stem cell derived models which this has been detected in are
highlighted in the box.

Disruption of cellular processes by SARS-CoV-2 and cell death. Through the hijacking of
host cell protiens and pathways, SARS-CoV-2 can disrupt the essential functions of cells.
Stem cell derived models which this has been detected in are highlighted in the box.
Viral production. When cells are productively infected, SARS-CoV-2 virions are released
at the end of the viral life cycle, causing cell lysis and death. Stem cell derived models
which this has been detected in are highlighted in the box.
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Table 1.1: Summary of in vitro stem cell models for SARS-CoV-2

24h

Organ Stem Culture SARS-CoV-2 Cell type specific Relevant
Cell types cell - Immune response o
System model method susceptibility effects citations
Adult Decreased expression Type | response in both 27
stem 2D Yes of surfactant protein, studies with an MOI of 28,55
cells cell death 1 and ISG stimulation
Alveolar type 2
I
cels . Decreased expression ) Delayed type |
iPSC 3D Yes of surfactant proteins interferon response 26
derived P > | with an MOI of 5 and
cell death . ;
ISG stimulation
Lung | in interf
e
stem stratified Yes Cell death _gene . p 22,28,56
infection with an MOI of
cells layer 0.1
Airway cells -
iPSC 3D Yes Not discussed Not discussed %2
derived
Adult re-ls-ygislei lrlllftlng24
lleal organoid stem 2D/3D Yes Cell death observed pons 22,32
hours with an MOI of
cells
0.1
Gut
TNF and IL-17
. iPSC- . signatures reported 57
Colonoids derived 3D Yes Not discussed after 24 hours with an
MOI of 0.1
Impairment of .
. . Type | interferon
Heart Cardiomyocytes iPSC 2D Yes contraction, response and ISG 7,24,37-39
derived fragmentation of . .
. stimulation at MOI 0.01
troponin T, cell death
Neurons iPSC 2D/3D Cor_n‘licting Abnorma]ly localized Not discussed 4245
derived evidence Tau protein, cell death
Astrocytes iPSC 2D Low N/A N/A a2
derived
Brain .
Microglia iPSC 2D Low N/A N/A 7,42
derived
iPSC Disruption of ion Inflammatory cytokines
Choroid plexus ; 3D Yes transport and cell induced at MOI ~ 0.1 42,45
derived !
adhesion pathways after 24 hours
iPSC Upregulation of insulin Chemokine induction at
Pancreas Endocrine cells . 3D Yes resistance and cell 24 hours after MOI ’
derived
death pathways 0.01
Kidney Capillary iPSC 3D Yes Not discussed Not discussed 48
organoids derived
Adult Metabolism pathwayvs Chemokine, IL-17, TNF
Hepatocytes stem 3D Yes downre Elated Y and NFkB signaling at 7
cells 9 MOI 0.1 at 24h
Liver Chemokine and IL-17
Adult signaling pathway
. . 7
Cholangiocytes sctee-”rz 3D Yes Not discussed activated at MOI 0.1 at

23



Chapter 2: SARS-CoV-2 infection of human iPSC-derived cardiac cells reflects cytopathic

features in the hearts of patients with COVID-19

A version of this chapter was published as:
Perez-Bermejo JA', Kang S’, Rockwood SJ’, Simoneau CR, et al. (2021). SARS-CoV-2
infection of human iPSC-derived cardiac cells reflects cytopathic features in the hearts of

patients with COVID-19. Science Translational Medicine. 13:eabf7872.

Abstract

Although coronavirus disease 2019 (COVID-19) causes cardiac dysfunction in up to 25% of
patients, its pathogenesis remains unclear. Exposure of human induced pluripotent stem cell
(iPSC)-derived heart cells to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
revealed productive infection and robust transcriptomic and morphological signatures of damage,
particularly in cardiomyocytes. Transcriptomic disruption of structural genes corroborate adverse
morphologic features, which included a distinct pattern of myofibrillar fragmentation and nuclear
disruption. Human autopsy specimens from patients with COVID-19 reflected similar alterations,
particularly sarcomeric fragmentation. These striking cytopathic features in cardiomyocytes
provide insights into SARS-CoV-2 induced cardiac damage, offer a platform for discovery of
potential therapeutics, and raise concerns about the long-term consequences of COVID-19 in

asymptomatic as well as severe cases.
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Introduction

COVID-19, the pandemic disease caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was initially characterized as a primarily respiratory syndrome (7). However,
increasing clinical evidence now implicates multiple organ systems in COVID-19, including the
cardiovascular system (heart), digestive system, and urinary system (kidneys) (2-5). Multiple
independent reports have described cases of acute COVID-19-associated myopathy (6-8)
without prior cardiovascular disease (9), indicating that SARS-CoV-2 may be directly causing
cardiac damage. Meta-analyses identify elevated troponin-l and natriuretic peptides — clinical
biomarkers of cardiac damage — as the strongest predictors of mortality in hospitalized patients
with COVID-19, eclipsing both prior congestive obstructive pulmonary disease and cardiovascular
disease (8—11). Most hospitalized patients with COVID-19 have abnormal echocardiograms (12),
and a majority of recovered patients continue to suffer from impaired cardiac function by MRI,
indicating that long-term heart sequelae from COVID-19 may not be limited to severe cases of

infection (13).

Identifying therapeutic strategies to prevent or manage myocardial injury in patients is impeded
by a limited understanding of the mechanisms by which SARS-CoV-2 induces cardiac damage.
Cardiac damage may be caused by systemic effects of SARS-CoV-2, such as hypoxic stress due
to pulmonary damage, microvascular thrombosis, and/or the systemic immune response to viral
infection (74). However, cardiomyocytes are known to express the primary receptor for viral entry
angiotensin-converting enzyme 2 (ACE2) (15, 16) and thus could be infectable by SARS-CoV-2
(17, 18). Viral RNA has been detected in myocardial autopsies of patients infected with SARS-
CoV (19) and SARS-CoV-2 (20), and viral particles have been found within cardiomyocytes and
other cardiac cells in patients with COVID-19 (21, 22, 23), suggesting that direct myocardial

infection may cause cardiac injury.
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Despite the clinical consequences of COVID-19 in the heart, pathological studies of patient
autopsy samples have not described specific effects in myocardial specimens, apart from diffuse
edema, occasional hypertrophy, and small focal necroses (24—-26). Detailed pathological studies
have been hampered by biosafety considerations and the limitations of hematoxylin and eosin
(H&E) staining. In addition, sample availability is restricted to post-mortem specimens, which

limits most observations to late-stage disease endpoints.

Ex vivo studies using human cell-based models of the heart, such as cardiac tissue derived from
human induced pluripotent stem cells (iPSCs), afford the most direct route for prospective and
clinically relevant studies on the effects of cardiac viral infection. Stem-cell derived models have
already demonstrated the susceptibility of hepatocytes (27), intestinal epithelium (28, 29), and
lung organoids(30) to SARS-CoV-2 infection. While two recent reports confirmed that human
iPSC-cardiomyocytes are susceptible to SARS-CoV-2 infection (37, 32), specific cardiac
cytopathic features have yet to be identified. In addition, the viral tropism for other cardiac cell
types, which may be involved in microthromboses (33) or weakening of the ventricular wall, has
not been explored, nor has there been direct correlation of in vitro results to clinical pathology
specimens. Here, we examined the relative susceptibility to SARS-CoV-2 infection of three
cardiac cell types derived from iPSCs: cardiomyocytes (CMs), cardiac fibroblasts (CFs), and
endothelial cells (ECs). We observed hallmarks of infection and cardiac cytopathy that led us to
identify pathologic features in human COVID-19-infected cardiac tissue specimens. The high
infectability of iPSC-CMs by SARS-CoV-2 and the observed phenotypic biomarkers of infection
could potentially enable a discovery platform for the development of therapeutic and

cardioprotective approaches for COVID-19.
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Results
SARS-CoV-2 productively infects human cardiomyocytes, but not endothelial cells or

fibroblasts

The relative susceptibility of different cardiac cell types to SARS-CoV-2 infection has not been
characterized, leading to ambiguity regarding the sources of cardiac damage and relevant
therapeutic targets. Analysis of single-cell RNA-sequencing and immunofluorescence staining of
iPSC-ECs, -CFs, and -CMs revealed that transcripts for ACE2, the receptor for SARS-CoV-2
entry, were only detectable in CMs. Although expression of the cell surface protease TMPRSS2,
which is commonly involved in viral cell entry, was not detected in any cell type, expression of
cathepsin-L (CTSL) and cathepsin-B (CTSB) was detected in all cells. These observations
support the potential infectivity of CMs by SARS-CoV-2, and predict poor infectivity in ECs and

CFs.

To validate the gene expression predictions, we exposed human iPSC-derived CMs, CFs, ECs,
or a mixture of all three cell types to mimic native myocardial composition, to SARS-CoV-2 at a
low multiplicity of infection (MOI) (0.006). After 48 hours, CFs and ECs showed little to no viral
RNA relative to a housekeeping control, whereas CMs expressed >10* greater amounts of viral
RNA than CFs or ECs (Fig. 1A). There was no significant (P-value >0.05) difference in viral
detection between CMs and mixed cultures (Fig. 1A), and undifferentiated iPSCs were
uninfectable (not shown). Differences in viral RNA detection largely corresponded with cell-type
specific ACE2 expression (not shown). To confirm that detected viral titers resulted in the
production of infective virions, we performed plaque assays with the supernatants of virus-
exposed cells. CFs, ECs, and iPSCs did not support productive infection, whereas CMs produced

replication-competent virions.
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Immunostaining for viral double-stranded RNA (dsRNA), a viral intermediate produced during
active replication of single-stranded RNA viruses (34), further confirmed that CMs, but not CFs or
ECs, supported viral RNA replication (Fig. 1B). However, all three cell types exhibited marked
cytopathic effects after 48 hours of viral exposure, characterized by fragmented cell bodies,
dissociation from neighboring cells, and significant cell death (Fig. 1C, P < 0.05). Visual cytopathic
effects were most prevalent in CFs, while the greatest nuclear loss was observed in ECs,
indicating that toxicity from viral exposure can occur without detectable viral replication. However,
inoculation with heat-inactivated SARS-CoV-2 did not cause cell death or dissociation in any of
the cell types assayed (Fig. 1C). Infectivity of CMs was further validated by staining for viral
nucleocapsid (N), which showed intense uniform signal over the cell body, and spike (S) protein,
which primarily exhibited localization to sub-micrometer-sized aggregates that resembled

intracellular vesicles (Fig. 1D).

Replication of positive-strand single stranded RNA viruses, including SARS-CoV-2, involves
budding of double-membrane vesicles from the endoplasmic reticulum (ER), with viral particle
assembly occurring in cisternae of the ER-Golgi intermediate compartment (ERGIC)(35). In CMs
infected with SARS-CoV-2, dsRNA and spike protein initially (24h post-infection) accumulated
around the nucleus in small perinuclear puncta, the typical location of the ERGIC, indicating
potential replication centers (Fig. 1E). At 48h post infection, many cells exhibited dsRNA signal
dispersed throughout their cytoplasm, which may correlate with advanced stages of infection. By
72h post infection, SARS-CoV-2 was spread throughout the culture and a large portion of the
CMs had died, with the remaining cells displaying disperse viral stain localization, dissociation
from neighboring cells, and heavily reduced sarcomeric staining (Fig. 1E). To study the effects of
increased viral dose, we infected CMs at two different MOls and observed a correlation between
inoculated virus, viral transcripts, and virus-positive cells. Infection at a higher MOI (0.1) resulted

in a uniform appearance of virus-positive cells by staining, whereas a lower MOI (0.01) resulted
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in localized foci of infection. The regional clusters of viral infection resulted in high variability in
the low MOI condition, suggesting amplification of a small number of initial infection events (36).
This was further analyzed by quantification of the viral infection rate, which revealed marked

variability even at a consistent MOI.

Remnants of the ER-Golgi membranes and large vesicles near the nucleus in infected CMs were
readily identified by transmission electron microscopy (TEM) (Fig. 1F). These vesicles, about 500-
750 nanometers (nm) in diameter, contained multiple particles 60-100 nm in diameter that were
identified as SARS-CoV-2 virions (Fig. 1F). Recently, similar vesicles loaded with mature virions
have been identified as vacuoles or deacidified lysosomal compartments used by SARS-CoV-2
for viral egress (37, 38). These results indicate that SARS-CoV-2 is able to infect, replicate in,

and rapidly propagate among human CMs.

SARS-CoV-2 infection of cardiomyocytes is dependent on endolysosomal entry

We next sought to examine clinically relevant strategies to prevent SARS-CoV-2 infection of CMs.
Pre-treatment of cells with an ACE2 blocking antibody, with the cathepsin-B/-L inhibitor E-64d, or
with the antiviral drug remdesivir significantly reduced viral detection in infected CMs (Fig. 2A, P-
value < 0.01). Although CMs express the furin protease, small molecule inhibition of FURIN did
not reduce infection (fig. S11). Inhibition of viral infection generally prevented cytopathic effects,
although remdesivir showed marked toxicity to CMs at the concentration used (10 uM), in
agreement with a previous report (39) (Fig. 2B). To further dissect the mechanism of SARS-CoV-
2 infection of CMs, we observed that specific CTSL inhibition via Z-Phe-Tyr(tBu)-
diazomethylketone (Z-FY-DK) decreased viral detection in infected cells to about 10% of vehicle-
treated controls, whereas inhibition of CTSB with CA-074 did not attenuate viral RNA detection

(Fig. 2C). Furthermore, the PIKfyve inhibitor apilimod and autolysosome acidification blocker
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bafilomycin each successfully reduced viral infection to ~0.1% or 1% of vehicle-treated controls,
respectively. In contrast, the TMPRSS2 inhibitors aprotinin and camostat mesilate did not
significantly inhibit viral infection (P-value >0.1). Collectively these results indicate that SARS-
CoV-2 binds to iPSC-CMs via the ACE2 receptor, and uses a CTSL (but not CTSB)-dependent
endolysosomal route of entry and/or egress, independent of TMPRSS2/serine protease-mediated

activation at the cellular membrane (37).

We next examined whether priming the innate immune response could reduce SARS-CoV-2
infection of CMs. CMs were treated with interferon alpha (IFN-a), beta (IFN-B), gamma (IFN-y),
or lambda (IFN-A) prior to infection. Only pre-exposure to IFN-B decreased infection, and this
effect was reversed by co-administration of the JAK/Stat inhibitor ruxolitinib (Fig. 2, D to E),
confirming that CMs can mount an antiviral response with appropriate stimulation. Our
observation that IFN-B but not IFN-a pre-treatment reduced infection is in concordance with a
previous report of differential antiviral activity of these two type-I interferons in a mouse model of

myocarditis (40).

SARS-CoV-2 exposure induces broad transcriptional changes

To evaluate the transcriptional impact of SARS-CoV-2 on cardiac cells, we performed RNA-
sequencing of CFs, ECs, and iPSCs exposed to an MOI of 0.006 and CMs exposed to a range of
MOlIs (0.001, 0.01, and 0.1). Sequencing recovered SARS-CoV-2 reads in an MOI- and cell type-
dependent fashion (Fig. 3A), with SARS-CoV-2 reaching >50% of the recovered reads in CMs at
the highest MOI. Principal component analysis (PCA) of the biological conditions revealed
clustering based primarily on cell type, with CFs and ECs clustering together while CMs and
iPSCs separated into distinct clusters (Fig. 3B). Loading plots of the principal components

supported this interpretation: genes determining the spectrum of variation between CMs and
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CFs/ECs were associated with CMs (MYH7, MYH6, TNNT2) at one pole (Fig. 3C) and anti-
correlated with CFs/ECs-specific genes at the other (FN1, COL1A2, TFPI2, MME). However, the
distance between mock-treated CMs and the furthest infected CMs was greater than the distance
between CMs and CFs or ECs, indicating that viral infection altered cellular expression profiles at
least as strongly, if not more so, than cell type. Along this PCA axis, the extent of transcriptional
disruption correlated poorly with MOI across all CM samples, potentially due to natural
stochasticity in the kinetics of infection. This variability of parallel infections for low MOIs is in
agreement with our observations of high variability in number of cells infected by imaging for
parallel replicate infections. However, regrouping conditions by the relative degree of
transcriptional disruption allowed for clearer deduction of transcriptional trends resulting from viral

exposure (not shown).

The differentially regulated genes involved in inflammation and innate immunity reflected the
observed preferential infectivity of CMs. Exposed CFs and ECs had a depressed cytokine
response compared to CMs at all three MOls examined, while infected CMs were enriched in
genes involved in inflammatory cytokine production and T-cell activation, such as IL6, IL1B, TNF,
CCL5/RANTES, EPO, OSM and others (Fig. 3D and E). Interferon gene expression was not
significantly changed in any condition, suggesting active repression by SARS-CoV-2 as

previously reported (41) (Fig. 3E, adjusted P-value >0.05).

Infected cardiomyocytes downregulated pathways corresponding to cardiac muscle tissue
organization and cellular respiration (Fig. 3, D and F) Anomalous upregulation of pathways
associated with olfactory receptors and dysregulation of proteasome catabolism were also
observed with increasing transcriptional disruption (Fig. 3D). CMs at each MOI showed clear
dysregulation of contractile machinery, proteasomal subunits and ubiquitination (not shown).

Genes involved in the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex were disrupted,
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particularly calmin and members of the nesprin family, both critical for anchoring the nucleus to
the actin cytoskeleton (fig. S3E). Furthermore, sarcomeric structural proteins, myosin light chains,
and proteasome kinases and chaperones were strongly downregulated, whereas most myosin
heavy chains were significantly upregulated (Fig. 3F adjusted P-value <0.05), suggesting a

divergent effect of SARS-CoV-2 infection on the contractile and structural integrity of CMs.

SARS-CoV-2 infection disrupts multiple intracellular features of cardiomyocytes

Motivated by the expression changes in structural and contractile genes in our transcriptomic
data, we performed high-content imaging of CMs following SARS-CoV-2 infection. Several
abnormal structural features were observed in infected CMs that were not seen in mock or heat-
inactivated virus-treated CMs, including widespread myofibrillar disruption throughout the
cytoplasm: a unique pattern of specific, periodic cleavage of myofibrils into individual sarcomeric
units of identical size without any linear alignment (Fig. 4A to C). Myofibrillar fragmentation was
present in up to 20% of the cells exposed to SARS-CoV-2, and, similar to the previously noted
inconsistencies of infection, displayed with variable prevalence across experiments (6-20%
incidence rate captured moment; multiple fragments per cell) (Fig 4D). Fragmentation was
observed as early as 24 hours after infection, and significantly increased after 48 hours of viral
exposure, suggesting progression over the course of infection (P-value <0.05). Curiously, this
pattern of myofibrillar fragmentation was present in cells independent of actively replicating virus

(as per dsRNA staining; Chi-square test for independence P-value = 0.81) (Fig. 4C).

Co-staining of CMs with the thin filament marker cardiac troponin T (cTnT) and the Z-disk marker
a-actinin 2 revealed that myofibrillar fragments induced by SARS-CoV-2 consisted of two bands
of ¢cTnT flanking a single a-actinin 2 band (Fig. 4D). Such cells exhibited significant cytotoxic

stress, as evidenced by collapse of their mitochondrial networks. To examine sarcomeric
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fragmentation in greater detail, we employed TEM imaging of SARS-CoV-2-infected and mock-
treated CMs. While intact sarcomeres were clearly identified with a classic dark Z-disk adjacent
to a light I-band followed by a dark A-band, single fragmented myofibrils displayed an extended
I-band and complete absence of the A-band (Fig. 4E), indicating a liberation of thick filaments

from sarcomere subunits.

To explore specificity of this sarcomeric fragmentation phenotype, CMs were exposed to other
coronaviruses, NL63 and OC43. Both resulted in successful infection, but did not induce a
comparable myofibrillar phenotype, suggesting this cytopathic effect is specifically induced by
SARS-CoV-2 infection (not shown). Since transcriptomic profiling indicated that viral infection
perturbed the proteasome system (Fig. 3F), we also examined whether proteasome inhibition
could recapitulate similar structural abnormalities. Although high doses of the proteasome
inhibitor bortezomib induced myofibril fragmentations in CMs, the effect was much less prevalent
and less severe (<1% prevalence, only a few fragments per cell) than the effect of SARS-CoV-2
infection, and was generally accompanied by diffuse cTnT staining. Furthermore, the well-known
cardiotoxic drug doxorubicin did not induce myofibril fragmentation (not shown), suggesting that
proteasomal inhibition may specifically recapitulate part of the viral effects that lead to myofibrillar
fragmentation. We also observed a second structural phenotype in which some CMs from infected
cultures often lacked nuclear DNA staining. This phenomenon was characterized by withdrawn
sarcomeres and abnormally shaped or absent nuclear DNA signal (Fig. 4F). Both phenotypes of
sarcomeric fragmentation and abnormal nuclear structures are consistent with our observed
transcriptomic disruptions, corresponding with disruption of thick filament-specific genes and
dysregulation of the LINC complex, respectively (not shown). The transcriptional changes could
reflect a compensatory response to depletion of these structural proteins due to the action of the

virus.
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In vitro findings mirror disruptions in myocardium of patients with COVID-19

We next asked whether the SARS-CoV-2 induced phenotypes observed in CMs in vitro reflected
similar patterns of cardiac cell damage in vivo. We obtained autopsy specimens from five patients
diagnosed with COVID-19 prior to death: two who had been diagnosed with myocarditis (COVID-
M1 and COVID-M2), and three that had no reported cardiac involvement (COVID-A1, COVID-A2
and COVID-A3). We also obtained samples from two patients without COVID-19, which served
as age-matched controls (C-1 and C-2). Compared to non-COVID-19 controls (Age-matched: Fig.
4G; Neonatal: not shown), patients with COVID-19 displayed disrupted myocytes with visible
loss of DNA staining (Fig. 4, H and |) regardless of myocarditis, across five independent sections
from different tissue regions. A minor difference in nuclear counts (~10%) between regions of
intact and disrupted tissue was observed across samples from patients with COVID-19 (not
shown). Diagnosed myocarditis patients’ hearts also displayed infiltration of mononuclear
immune cells (Fig. 4l), in addition to occasional troponin-positive mononuclear cells in the

vasculature (not shown).

Similar to previous studies of COVID-19 autopsy samples(20, 42—44), hematoxylin & eosin
staining did not reveal signs of myofibrillar damage, so we further probed the autopsy samples by
immunostaining for sarcomeric proteins. All samples from patients with COVID-19 presented
severe myofibrillar anomalies in the form of diffuse or absent sarcomeric protein staining (cTnT
and a-actinin-2). In particular, compared to control, COVID-A1, A-2 and A-3 (Fig. 4, J and K)
displayed a clear pattern of disruptions to the sarcomeric banding, while COVID-M1 and M2
displayed diffuse staining in myocytes (Fig. 4L). These aberrant features moderately resembled
those observed in the oldest COVID-19 free control specimen (>90 yrs old) (Fig. 4J). We also

attempted to identify viral presence in the tissues using antibodies against SARS-CoV-2 spike
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protein, dsRNA, and two different epitopes of the viral nucleocapsid protein, but were unable to
detect viral signal in any autopsy patient tissues. Overall, these patterns suggest that myocarditis
in the heart leads to tissue damage, but is not a requirement for myofibrillar disruption of cardiac
tissue, and that the aberrant features observed in the hearts of patients with COVID-19 are
pathologic in nature and bear similarities to observations in the oldest specimen. Mild infiltration
of mononuclear immune cells is occasionally noted in non-myocarditis cases, and may contribute
to elements of the in vivo response. The patterns of myocardial damage identified in heart
specimens from deceased individuals with COVID-19 heart specimens closely resemble similar

cytopathic features first identified by in vitro exposure of iPSC-CMs to SARS-CoV-2.

Discussion

Here, we conducted a comprehensive analysis of the cytopathic effects of SARS-CoV-2 in human
iPSC-derived cardiac cells to model viral infection of the heart. Cytopathic effects were particularly
striking in CMs, which manifested a distinctive pattern of myofibrillar fragmentation into individual
sarcomeric units and a loss of nuclear DNA staining from intact cell bodies. Surprisingly, these
cytopathic effects occurred independent of the presence of actively replicating SARS-CoV-2 virus,
suggesting a broader spectrum of adverse consequences than initially assumed. Guided by these
observations, we observed similar sarcomeric structural disruptions in the myocardium of
deceased patients with COVID-19. Together, these results provide insights into the pathogenesis
of SARS-CoV-2-induced heart damage, indicate new avenues for the development of
cardioprotective interventions against COVID-19, and raise concerns about the prevalence and

severity of cardiac involvement due to COVID-19 disease.

Determining the mechanisms responsible for diminished cardiac function is critically important to

developing cardioprotective therapies for COVID-19. We observed that SARS-CoV-2 infection
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creates precise and ordered disruptions to the myofibrillar structure and dissolution of the cardiac
contractile machinery, which would inevitably lead to functional collapse. The prevalence of these
effects varied, but was observed to be as high as 20% at a single time point in our in vitro
experiments. The striking consistency and periodicity of fragmentation suggests separation of the
sarcomeric thick and thin filaments, as shown by immunofluorescence and TEM, perhaps due to
cleavage by a specific protease. Additionally, our transcriptomic analyses showed a
compensatory overexpression of myosin heavy chain genes in response to this degradation.
Myosin heavy chain family members contain the LKGG |K sequence, which matches one of the
sites used by the viral papain-like protease (PLPro) to cleave the viral polyprotein (45, 46). Such
cleavage of myosin could result in the observed filament-specific separation (47), although this
hypothesis would not immediately explain why myofibrillar disruption was present in cells exposed
to SARS-CoV-2 independently of dsRNA signal. Indeed, cytopathic effects independent of dsSRNA
signal suggests a range of possible explanations, including abortive infection, autonomous

cellular chemokine secretion, or multiple distinct stages of infection.

Depression of the ubiquitin-proteasome system was also observed upon SARS-CoV-2 infection.
Myofibrillar fragmentation could be partially recapitulated by proteasomal inhibition, but not by
other cardiotoxic drugs or by other coronavirus infection of CMs. Proteasomal homeostasis is
critical for maintenance of cardiac function (48), and dysregulation of protein quality control and
translation by SARS-CoV-2 may induce degradation of sarcomeres that results in the observed
myofibrillar fragmentation phenotype. The non-concomitance of myofibrillar fragmentation and
actively replicating virus could be suggestive of unsuccessful infection (36) or a bystander effect.
While further interrogation is needed to determine the precise mechanisms mediating myofibrillar
fragmentation, the CMs pathologic phenotype still informs expectations for histological specimens

and therapeutic discovery.
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To date, most myocardial histology from autopsy specimens of patients with COVID-19 have
revealed only general signs of myopathy, such as edema, occasional mononuclear infiltrate, and
mild hypertrophy (20). Although 30-50% of individuals with COVID-19 manifest clinical signs of
cardiac dysfunction (13, 49), histological hallmarks of COVID-19 in the heart have remained
elusive. Our preliminary examinations of hematoxylin and eosin staining of COVID-19 myocardial
samples revealed only minor disruption and generally intact myofibrillar anatomy. However,
guided by our in vitro analysis, we performed immunostaining for sarcomeric proteins to identify
clear features of myocardial damage in COVID-19 autopsy samples. The pattern of sarcomere
staining loss was consistently found in all the COVID-19 samples, and only moderately resembled
a single control sample from a much older patient. This observation reveals the potential
underlying etiology of SARS-CoV-2’s impact on cardiac function and demonstrates that human
iPSC-derived models of myocardium reflect features of cardiac pathogenesis in patients with

COVID-19.

In addition to myofibril disruption, we also identified a lack of nuclear chromatin staining in many
CMs after SARS-CoV-2 exposure, which was also observed in autopsy specimens from patients
with COVID-19. Whether this observation reflects a generalized cytotoxic response, or specific
SARS-CoV-2 induced disruption to the structural integrity of the cell is unknown (50). However,
transcriptomic analysis suggests that SARS-CoV-2 disrupts expression of members of the nuclear
LINC complex, through which the cytoskeleton supports the shape and structure of the nucleus
(61, 52). It is possible that SARS-CoV-2 could weaken the nuclear envelope, a process that could
be exacerbated by post-fixation processing resulting in loss of nuclear material. Understanding
the mechanism by which aberrant nuclear phenotypes arise will be crucial to determine if they are

a clinical feature of COVID-19 in the heart.
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Aside from myocytes in the heart, non-myocyte cardiac cells also mediate some of the observed
outcomes in COVID-19, such as cardiac hypertrophy and vascular dysfunction (33), and in vivo
infection of ECs has been reported (53, 54). In our studies, CFs and ECs were not expected to
be infectable due to their low ACE2 expression. gPCR of CFs and ECs exposed to SARS-CoV-2
supported these predictions and displayed no replicating virus, although potent cytopathic effects
in both ECs and CFs were observed. Heat inactivated virus failed to recapitulate this cytotoxic
effect, suggesting that abortive infection or paracrine signaling from a small population of infected
cells may be responsible for inducing cell death. Future studies identifying specific mechanisms
of viral toxicity to the cardiac stroma will be useful to determine how these cells may contribute to

SARS-CoV-2-induced cardiac dysfunction.

The ability of iPSC-CMs to model the cardiopathic consequences of infectious pathogens opens
a wide array of potential avenues for discovery and validation of candidate cardioprotective
therapies for COVID-19 and other diseases. For example, our finding that SARS-CoV-2 infects
CMs via an endolysosomal route may indicate that clinical trials which target TMPRSS2 to prevent
COVID-19 (565, 56) may not afford effective cardioprotection without orthogonal targeting of
endosomal proteases (57). Additionally, although cell-based drug screens exist for many
pathogens, including SARS-CoV-2 (68), the unique cytoarchitecture of cardiomyocytes and the
specific effects of SARS-CoV-2 on these cells offer distinct screening possibilities. Identification
of efficacious cardioprotective therapies may require preventing viral replication and maintaining

sarcomeric integrity to achieve optimal therapeutic benefit.

Our study is limited by the inability to observe the progression of viral infection of cardiomyocytes,
both in vitro (due to technical limitations of the Biosafety Level 3 used for this work) and in tissues
of patients with COVID-19 (due to sample availability). Although our results show that direct

infection of CMs may not be required to elicit cytotoxic effects in cardiac tissue, there is an
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increasing body of evidence supporting cardiomyocytes being directly infected by SARS-CoV-2
in patients with COVID-19 (21, 22, 59). SARS-CoV-2 can spread from lung epithelia to other
organs through plasma, and viremia in COVID-19 has been closely associated with cardiac
damage (60). Observing viral particles in autopsy tissue has been well documented in SARS-CoV
and SARS-CoV-2 infection (61, 62). However, if virus is only present in myocytes during an early
progressive stage of the disease, inspection of deceased patient tissue may be well beyond the
window of opportunity to detect transient viral presence in CMs. This hypothesis is supported by
the observation that SARS-CoV-2 within myocytes has only been observed in patients who suffer
rapid demise during acute viral iliness (21, 59, 63). Similarly, our in vitro model of CMs infection
allows for controlled study of the progression of the myocardial damage caused by SARS-CoV-
2, thereby recapitulating earlier stages of infection. This model for infection is not free of
limitations: iPSC-derived CMs are generally considered immature and may not fully recapitulate
features of the adult heart of patients. In addition, our cultures may not mimic the circulating
cytokine milieu resultant from infection of other organs (20, 64), such as the lungs, in addition to
lacking monocytes, which infiltrate SARS-CoV-2 infected tissues in patients. However, our CMs
do express the main receptor ACE2 more than undifferentiated tissue or other cell types, in
agreement with other adult heart studies (76, 78). In addition, although our experiments model
direct infection, we have also observed infection-independent cytopathic effects that may be able
to recapitulate indirect effects of infection to non-infected cells. The phenotype observed in
infected iPSC-CMs is reminiscent of our autopsy samples, making this a valuable system to study

SARS-CoV-2 infection in the heart.

Reports of cardiac dysfunction incidence in individuals with COVID-19 range from 20% to 50%,
independent of disease severity (8, 13, 49). Cardiac damage is strongly associated with disease
mortality (3, 8, 20, 22, 65). In addition, due to the heart’s innate lack of regenerative capacity (66,

67), a large fraction of patients with cardiac damage could suffer long-term cardiac sequelae from
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COVID-19. Our studies, which are analogous to mild cases of COVID-19 due to the low viral load
that spreads through CMs in a short time frame, display signs of striking cytopathic effects similar
to those we observe in patient samples without any clinical diagnosis of cardiac damage. These
findings provide insight into the mechanism of cardiac pathology of COVID-19, and we anticipate
they can help guide the development of efficacious anti-viral and cardioprotective therapies to

help manage and prevent heart damage in patients with COVID-19.

Materials and Methods

Study design

The goal of our study was to evaluate the SARS-CoV-2 infectivity of different heart cell types
using of iPSC-derived tissue, and to compare the resulting cytopathic effects to heart autopsy
samples from COVID-19 patients. Our starting hypothesis was that SARS-CoV-2 would be able
to infect iPSC-CMs (and potentially iPSC-EC or iPSC-FC), and that viral infection could result in
cytopathic features and toxicity. For in vitro infection experiments, iPSC-derived heart cells
(mostly cardiomyocytes) were seeded in multi-well plates, pretreated with different drugs (where
required), and taken into the Biosafety Level 3 (BSL-3) for infection with SARS-CoV-2 or other
human CoV, or no infection at all (mock). Well contents were blinded before infection and until
data (QPCR or imaging) quantification was completed. All conditions were performed with a
minimum of triplicate measurements. In addition, gqPCR measurements were done in technical
triplicate. For staining, all images were obtained from a total of 10 randomly acquired fields of
view per well. Nuclei counting was performed automatically using an unbiased algorithm.
Sarcomere fragmentation and infectivity were manually annotated by three separate, blinded
human operators, with a 10% image overlap across them to evaluate consistency. For the RNA-
seq transcriptome analysis, samples were prepared in biological triplicates and validated by
unbiased clustering of individual data points. All investigated gene expression changes and

pathways enriched were statistically significant (p-value <0.05) using appropriate statistical tests
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that account for multiple testing. For patient autopsy sample analysis, specimens from COVID-19
patients and non-COVID-19 individuals were blinded and processed for visual inspection. For
each patient, images were acquired from 2-3 heart regions (right and left ventricles and
interventricular septum) per sample, with 5-15 images per section/region. The research protocol
for evaluation of autopsy specimens was approved by institutional review boards at the University
of California, San Francisco (UCSF)/Zuckerberg San Francisco General Hospital (ZSFG) (IRB
no. 20-31641). More details on the methodology can be found in this section and in the
Supplementary Materials and Methods. A full list of materials and reagents used in this study can

be found in table S1.

hiPSC maintenance; iPSC-cardiomyocyte differentiation and purification

Human iPSCs (WTC line(68)) were maintained in mTESR or mTESR+ (STEMCELL
Technologies) on Matrigel (8 ug/ml, BD Biosciences)-coated cell culture plates at 37°C, 5% CO..
Cells were passaged every 3 days using Relesr (STEMCELL Technologies) and supplemented
with Rock Inhibitor Y-27632 (SelleckChem) for 24 hours after each passaging. hiPSCs were
differentiated into cardiomyocytes following a modified Wnt pathway modulation-based GiWi
protocol(69). Briefly, hiPSC cultures were harvested using Accutase (STEMCELL Technologies)
and seeded onto Matrigel-coated 12-well plates. Three days later, cells were exposed to 12 uM
CHIR99021 (Tocris) in R/B-[RPMI1640 (Gibco, 11875093) supplemented with B27 without insulin
(Gibco, A1895601)] for 24 hours. After an additional 48 hours, media was changed to R/B-
supplemented with 5 uM IWP2 (Tocris) for 48 hours. On day 7, media was changed to R/B+
[RPMI1640 medium supplemented with B27 with insulin (Gibco, 17504044 )] and refreshed every
3 days thereafter. Beating was generally observed around day 8-11. At day 15, cells were
cryopreserved using CryoStor CS10 (STEMCELL Technologies). After thawing, cell cultures were
enriched for iPS-cardiomyocytes following metabolic switch purification(70). Briefly, cells were

washed once with saline buffer and incubated in DMEM (without glucose, without sodium
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pyruvate; Gibco, 11966025) supplemented with GlutaMax (Gibco, 35050061), MEM Non-
Essential Amino Acids (Gibco, 11140050) and sodium L-lactate (4 mM, Sigma-Aldrich). Lactate
media was refreshed every other day for a total of 6 days. Four to six days later (day 28-30), iPS-
CMs were replated into assay plates for infection using 0.25% Trypsin (Gibco, 15050065) at a

density of about 60,000 cells/cm?.

scRNAseq analysis of SARS-CoV-2 entry factors

A historic single cell RNA sequencing data set consisting of iPSC-derived cardiomyocytes,
primary fetal cardiac fibroblasts, and iPSC-derived endothelial cells was re-analyzed to compare
relative expression of SARS-CoV-2 relevant receptors and proteases (GSE155226)(71). Briefly,
day 30 lactate-purified cardiomyocytes were force aggregated either alone or with a single
supporting cell type and cultured in suspension culture. Aggregates were dissociated and libraries
prepared using the Chromium 3’ v2 library preparation platform (10X Genomics). Libraries were
sequenced on a NextSeq 550 sequencer (lllumina) to a depth of at least 30 million reads per
sample. Samples were demultiplexed and aligned to GRCh38 with CellRanger v3.0.2. Individual
cell unique molecular identifiers (UMIs) were filtered using Seurat v3.2.0(72), keeping only cells
with at least 1,000 reads, 300 detected genes, and less than 10% mitochondrial reads. The top
2,000 variable genes were projected onto 20 principal components. Although greater than 5% of
cells were detected in either S or G2M phase, regressing out cell cycle genes did not alter
clustering of primary cell types. Cells were clustered with a resolution of 0.4, yielding three primary
clusters corresponding to each cell type, which were used to profile cell-type specific expression

of SARS-CoV-2 relevant factors.

SARS-CoV-2 and other human coronaviridae infections
The WA-1 strain (BEI resources) of SARS-CoV-2 was used for all experiments. All live virus

experiments were performed in a Biosafety Level 3 lab. SARS-CoV-2 stocks were passaged in
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Vero cells (ATCC) and titer was determined via plaque assay on Vero cells as previously
described(73). Briefly, virus was diluted 1:10%-1:10° and incubated for 1 hour on Vero cells before
an overlay of Avicel and complete DMEM (Sigma Aldrich, SLM-241) was added. After incubation
at 37°C for 72 hours, the overlay was removed and cells were fixed with 10% formalin, stained
with crystal violet, and counted for plaque formation. SARS-CoV-2 infections of iPSc and iPS-
derived cardiac cells were done at a multiplicity of infection of 0.006 for 48 hours unless otherwise
specified. For heat inactivation, SARS-CoV-2 stocks were incubated at 85°C for 5 min. For cell
type specific viral titers, input virus was washed at 24 hours post infection, supernatants were

collected at 48 hours and stored at -80 until plaque assays were performed.

All viral stocks were fully sequenced to monitor for acquisition of mutations, particularly in the furin
active cleavage site. Viral stocks were prepared for sequencing using the Primal-Seq Nextera XT
version 2.0, using the ARTIC Network V3 primers and sequenced on the llumina NovaSeq
platform to an average read depth of >1000X coverage. Single nucleotide variants (SNVs) were
called if they appeared at a >70% frequency. SARS-CoV-2/human/USA/USA-WA1/2020,
complete genome (NCBI accession id MN985325.1) was used as the reference sequence. Three

SNVs were detected that met this criteria: C5457T, T21874G, C23525T.

For infection with human coronaviruses NL63 and OC43, HCoV-NL63 virus culture Isolate
Amsterdam | of HCoV-NL63 (NR-470, BEI Resources) was propagated in Huh7.5.1-ACE2 cells.
Supernatant was harvested 5 days post infection, filtered and stored at -80°C. HCoV-OC43 (VR-
1558, ATCC) was propagated in Vero EG6 cells. Supernatant was harvested 6 days post infection,
filtered and stored at -80°C. Cardiomyocyte infections were performed in a Biosafety Level 2 lab,
at an MOI of 0.01. Cells were harvested for qPCR using Qiagen RLT buffer or fixed using 4%

paraformaldehyde for subsequent analyses.
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Immunocytochemistry

Infected and mock-treated cell cultures in coverslips were washed with Phosphate Buffered
Solution (PBS, Corning) and fixed in 4% paraformaldehyde (PFA) overnight, followed by blocking
and permeabilization with 0.1% Triton-X 100 (T8787, Sigma) and 5% BSA (A4503, Sigma) for
one hour at RT. Antibody dilution buffer (Ab buffer) was comprised of PBS supplemented with
0.1% Triton-X 100 and 1% BSA. Samples were incubated with primary antibodies overnight at
4°C (table S2), followed by 3 washes with PBS and incubation with fluorescent-conjugated
secondary antibodies at 1:250 in Ab buffer for 1 hour at RT (table S2). Coverslips were mounted
onto SuperFrost Slides (FisherBrand, 12-550-15) with ProLong Antifade mounting solution with
DAPI (Invitrogen, P36931). Images were acquired with a Zeiss Axio Observer Z.1 Spinning Disk
Confocal (Carl Zeiss) or with an ImageXpress Micro Confocal High-Content Imaging System

(Molecular Devices) and processed using ZenBlue and ImageJ.

RT-gPCR

Cultured cells were lysed with Qiagen buffer RLT (Qiagen, 79216) supplemented with 1% [3-
mercaptoethanol (Bio-Rad, 1610710) and RNA was isolated using the RNeasy Mini Kit (Qiagen
74104) or Quick-RNA MicroPrep (ThermoFisher, 50444593) and quantified using the NanoDrop
2000c (ThermoFisher). Viral load was measured by detection of the viral Nucleocapsid (N)
transcript through one-step quantitative real-time PCR, performed using PrimeTime Gene
Expression Master Mix (Integrated DNA Technologies, 1055772) with primers and probes specific
to N (‘N5’) and RPP30 as in internal reference. RT-qPCR reactions were performed on a CFX384
(BioRad) and delta cycle threshold (ACt) was determined relative to RPP30 transcript amounts.
Viral genomic RNA detection in pharmacologically treated samples were normalized to DMSO-

treated controls. A full list of primers and probes used in this study can be found in table S3.
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RNA-Seq

To generate libraries for RNA-sequencing, RNA isolate quality was assessed with an Agilent
Bioanalyzer 2100 on using the RNA Pico Kit (Agilent, 5067-1513). 10 ng of each RNA isolate was
then prepared using the Takara SMARTer Stranded Total RNA-Seq Kit v2 — Pico Input
Mammalian (Takara, 634412). Transcripts were fragmented for 3.5 minutes and amplified for 12
cycles. Library concentrations were quantified with the Qubit dsSDNA HS Assay Kit (Thermo
Fisher, Q32851) and pooled for sequencing. Sequencing was performed on an lllumina NextSeq
550 system, using the NextSeq 500/550 High Output Kit v2.5 (150 Cycles) (lllumina, 20024907)
to a depth of at least 10 million reads per sample. Raw data is available at GEO under the

accession number GSE156754.

Statistical analyses

Statistical testing for gPCR experiments was performed using GraphPad Prism 8 software, using
1-way ANOVA with post-hoc Tukey’s multiple comparisons test. Statistical analysis for the
immunofluorescence cell counts was performed using R(74) using Student’s t-test with Bonferroni
correction for multiple testing. Statistical differences in expression between bioinformatic samples
were performed on corrected, log transformed counts using Welch’s t-test with Benjamini

Hochberg false discovery rate correction.
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Fig. 2.1. Effects of SARS-CoV-2 exposure on different iPSC-derived cardiac cell types. In
all experiments, cells were exposed to SARS-CoV-2 virus for 48 hours at an MOI of 0.006 before
lysis or fixation, unless otherwise specified. White and black boxes indicate magnified regions.
(A) RT-gPCR quantification of viral RNA [Fold change (FC) of SARS-CoV-2 nucleocapsid (N)
gene, N5, over housekeeping gene transcript, RPP30] in cell cultures exposed to SARS-CoV-2.
CF: iPSC-derived cardiac fibroblasts; EC: iPSC-derived endothelial cells; CM: iPSC-derived
cardiomyocytes; Mixed: 60:30:10 CM:EC:CF. Bars: mean. Error bars: SEM. **P-value < 0.01,
one-way ANOVA with Tukey’s multiple comparisons. technical replicates: 3; N= 3 (B).
Representative images of immunostaining of cardiac cells exposed to SARS-CoV-2. PECAM-1
(CD31)was used as an EC marker, and cTnT as a CM marker. CFs expressed GFP constitutively.
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Viral signal was detected by staining for SARS-CoV-2 spike protein or viral double stranded RNA
(dsRNA), as noted. White boxes represent regions magnified in rightmost panels. Orange
arrowheads indicate seemingly apoptotic bodies and white arrowheads denote clusters of dsSRNA
signal. Images are selected from a total of 30 images across 3 replicates. (C). Toxicity of SARS-
CoV-2 to cardiac cell types, quantified by nuclear retention. Y-axis depicts the % of nuclei counted
(relative to mock). Nuclei were counted automatically at 10x magnification (10 images/condition).
Light gray: Vehicle treatment (mock), Dark gray: Heat inactivated SARS-CoV-2 (MOI = 0.1),
Magenta: SARS-CoV-2 (MOI = 0.006). Bars: mean. Error bars: SEM. **P <0.01. n.s.: non
significant (P-value >0.05). n = >500 cells per group. N = 3. (D). Representative images of
immunostaining for different SARS-CoV-2 viral antigens (dsRNA, N protein or spike protein) in
infected iPSC-CMs. Images are selected from a total of 30 images across 3 replicates. (E).
Representative images of immunostaining of infected CMs at 24h, 48h or 72h after addition of
SARS-CoV-2 virus. Images are selected from a total of 30 images across 3 replicates. (F).
Transmission electron microscopy of SARS-CoV-2 viral particles in an infected CM. Left: Montage
view with nucleus (dashed line), in addition to remnant ER-Golgi (light blue arrowheads), with viral
particles enclosed in a membrane compartment. Middle-left: Magnified view of boxed region from
leftmost panel showing SARS-CoV-2 virions (red arrowheads) and surrounding membrane.
Middle-right: Magnified view of SARS-CoV-2 virions, showing the 500-750 nm diameter
membrane and the 60-100 nm diameter viral particles within. Right: High magnification images of
indicated regions of interest within adjacent panel (denoted i and ii). Images are selected from a
total of 55 images across 3 different cells.
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Fig. 2.2. Pharmacological modulation of SARS-CoV-2 infection, viral entry and innate
immune response in CMs. (A). RT-gPCR quantification of viral RNA (N5) in CM samples
exposed to SARS-CoV-2 for 48h (MOI=0.1) after 2h pretreatment with the indicated reagents to
block viral infection. Bars: mean. Error bars: SEM. *:P-value <0.05,**:P-value < 0.01, one-way
ANOVA with Tukey’s multiple comparisons. Technical replicates: 3; N= 3. (B) Representative
immunofluorescence images from SARS-CoV-2-infected (MOI=0.1) CMs pretreated with either
vehicle (DMSO), ACE2 blocking antibody (anti-ACE2 ab), cathepsin-B and -L inhibitor E-64d
(E64D) or remdesivir for 2h before infection. Double-stranded RNA (dsRNA) staining (magenta)
denotes presence of replicating virus. Images are selected from a total of 30 images across 3
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replicates. (C-D). RT-qPCR quantification of viral RNA (N5) in CM samples exposed to SARS-
CoV-2 for 48h (MOI=0.006) after 2h pretreatment with the indicated reagents to block viral entry
(C) or prime the cells’ innate immune response (D). Dots represent separate replicates. Bars:
mean. Error bars: SEM. *:P-value <0.05,**:P-value < 0.01, one-way ANOVA with Tukey’s multiple
comparisons. Technical replicates: 3; N= 3 for all conditions. Z-FY-DK: Z-Phe-Tyr(tBu)-
diazomethylketone, specific Cathepsin-L inhibitor; CA-074: specific Cathepsin-B inhibitor; Ruxo:
Ruxolitinib, JAK1/2 inhibitor. (E). Representative immunofluorescence images from
cardiomyocytes pre-treated with vehicle (DMSO), IFN-B, or IFN-B with JAK inhibitor ruxolitinib.
Images are selected from a total of 30 images across 3 replicates.
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Fig. 2.3. Transcriptional effects of SARS-CoV-2 exposure to cardiac cells. (A). Percentage
of total reads that map to the SARS-CoV-2 viral genome in various cell types. iPSCs, ECs or CFs
were exposed at an MOI of 0.006, and CMs were exposed at three different MOls: 0.001 (Low),
0.01 (Mid) and 0.1 (High). Bars: average %reads. Error bars: SEM. **:P-value < 0.01; ***:P-value
< 0.001,. one-way ANOVA with Tukey’s multiple comparisons. Technical replicates: 3; N= 3. N=3.
(B). Principal component analysis of transcriptomic samples. Dot shapes and colors represent
the different cell types, whether they were exposed to SARS-CoV-2 virus and, in the case of CMs,
the different MOIs used. Orange arrow indicates increasing degrees of transcriptional
dysregulation (relative to Mock). N=3. (C). Loading plot for a selected subset of genes, with color
indicating cardiomyocyte state (orange), fibroblast/endothelial cell state (green), iPSC state (light
gray), SARS-CoV-2 infection-related factors (dark gray), immune response (blue). N=3. (D). Heat
map depicting transcriptional expression profiles for genes mapping to GO terms of interest. Top:
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expression profile in the Mock condition and least (Low), middle (Mid), and most (High)
transcriptionally disrupted CM samples. Bottom: mapping of genes to specific GO terms of interest
(only yes/no scale). All genes in the plot had |log2 fold change| > 1 between high infection and
mock, adjusted false discovery rate (FDR) < 0.05 using edgeR’s differential expression test (see
Methods section); N=3. All GO terms selected contained at least 25 enriched genes, adjusted
FDR < 0.01, using an enrichment test based on hypergeometric distribution and controlled FDR
(see Methods). (E). Zoomed in heat map depicting differential expression profiles for a select
number of genes involved in innate and inflammatory response to viral infection. All genes are
regulated in a statistically significant manner (adjusted FDR < 0.05) except for IFNA1, IFNB1, and
IFNG (indicated by an asterisk). Color represents log-2 fold change from average value across
conditions. N=3. Color scale represents log2 fold change relative to average expression of all
conditions. (F). Expression ratio (R) of genes involved in sarcomeric structure and myosin
contractility of the high-infection CM groups relative to the mock-infection CM group. Expression
ratio is the Pearson correlation of gene expression with increasing level of infection. N=3. Fisher-
transformed P-value <0.01.
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Fig. 2.4. Analysis of cytopathic features in iPSC-derived CMs infected by SARS-CoV-2 and
autopsy myocardial tissue from healthy individuals and patients with COVID-19. (A).
Representative immunofluorescence images of myofibrillar fragmentation in CMs at different
timepoints after exposure to SARS-CoV-2. White arrowheads indicate fragments consisting of
two bands of cTnT+ staining. Images are selected from a total of 30 images across 3 replicates.
(B). Quantification of number of cells presenting myofibrillar fragmentation at 48h post-exposure
(defined as cells presenting at least one event of a cTnT doublet unaligned and dissociated from
other myofibrils, divided by total nuclei count). Each dot represents a separate infected sample,
each one being the sum of 9 randomly acquired fields of view. **: P-value <0.01. Two-tailed t-test
after checking for normality. (C). Representative immunostaining showing a cell with viral dsRNA,
adjacent to cells with different degrees of myofibrillar fragmentation. White squares indicate areas
magnified in right panels, with labels corresponding to insets. White arrowheads point to examples
of cTnT doublets (myofibrillar fragments). Images are selected from a total of 55 images across
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3 different cells. (D). cTnT and ACTN2 double-staining of CMs displaying myofibrillar
fragmentation. White arrowheads indicate cTnT-ACTN2-cTnT myofibrillar fragments. (E). TEM
images of sarcomeres in mock-treated and SARS-CoV-2-infected (MOI=0.006) CM cultures. Blue
arrowheads denote the sarcomeric z-disk; Yellow arrowheads indicate M-line location; dashed
line delimits nucleus. Sarcomeres of mock-treated cells display clear | and A-bands, but
fragmented sarcomeres only possess thin filaments. Below: Representative TEM image of a
healthy nucleus, and the nucleus of a cell infected with SARS-CoV-2. (F). Immunofluorescence
staining of SARS-CoV-2-exposed CMs displaying loss of nuclear DNA staining (48h post
exposure). White arrowheads indicate locations of sarcomeric retraction and absence of nuclear
material. Images are selected from a total of 30 images across 3 replicates. (G-l). Representative
images of Hematoxylin and Eosin (H&E) staining of myocardial tissues from patients without
COVID-19 (G), and patients with COVID-19 without cardiac involvement (H) or with diagnosed
myocarditis (I). Red arrowheads indicate cardiomyocytes lacking chromatin staining. Dark blue
arrowheads indicate the presence of immune cells. (J-L). Representative immunofluorescence
staining of myocardial tissue from patients without COVID-19 (J), compared to patients with
COVID-19 without cardiac involvement (K) and with diagnosed myocarditis (L). Cardiomyocytes
show signs of damage in the form of diffuse and disorganized actinin (ACTNZ2) staining. For all
patient biopsies, images are selected from 2-3 heart regions (right and left ventricles and
interventricular septum) per sample, 5-15 images per section/region, for a total of 7 patients (two
control, two with COVID and diagnosed myocarditis, and three with COVID and no diagnosed
myocarditis).
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Chapter 3: Overexpression of ACE2 renders airway organoids permissive to SARS-CoV-2
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Abstract

Primary lung cell models of SARS-CoV-2 have been underutilized in SARS-CoV-2 research due
to low levels of viral replication, complicating the ability to get usable results from these
experiments. Here, we show that overexpressing the ACE2 receptor in a primary airway organoid
model increases infection to a reliable level that can be used for in depth virology studies in
primary cells. We then take advantage of the system to test the dynamics of variants of SARS-

CoV-2 in pseduovirus and live virus experiments.

Introduction
The causative agent of COVID-19, SARS-CoV-2, targets ACE2 expressing cells in the lung (7-3).
Upon binding to the receptor, the virus is internalized, and then requires the serine protease
TMPRSS2 for S protein priming (7). The double expression of these proteins in lung epithelial
cells allows the virus to spread through the upper and lower respiratory tract, leading to viral
pneumonia. In vitro studies of SARS-CoV-2 in lung cells have primarily focused on cell lines such
as A549, Calu-3, as well as iPSC-derived models of airway and alveolar cells (4). Expression of
ACEZ2 remains low in these lines, similar to levels measured in vivo. Primary cells have high levels
of donor to donor variability and are limited in number. Human airway organoids are an
established, validated model for interrogating pulmonary biology and disease (5).

A 30kB, positive stranded RNA virus, SARS-CoV-2 has the genomic structure of other 3-
coronaviruses with an 80% sequence homology to SARS-CoV, a 55% homology to MERS-CoV
and about 50% homology with the four major circulating coronaviruses (6, 7). These viruses have

with fourteen open reading frames, two of which (ORF1a and ORF1b) encode polyp4eptides that
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are cleaved by internal proteases and include four viral structural proteins: S, E, M, and N (8).
Due to their 80% homology, what is known of the molecular virology of SARS-CoV has been
assumed to apply to SARS-CoV-2. However, there are still many open questions on the basic
virology of SARS-CoV such as the manipulation of host cell membranes, transcriptome, cell cycle
and innate immune response (8). Furthermore, differences in endocytosis mechanism, preferred
cell cycle state and other viral mechanism differ between various coronaviruses, necessitating
specific research into the molecular virology of SARS-CoV-2.

The exact mechanisms through which pathogenic coronaviruses cause disease and
mortality remain incompletely described, but most range in severity from mild cases to severe
cases with acute respiratory distress syndrome (ARDS) (9). In the severe cases, the virus infects
the airway and alveolar epithelia cells in the lungs, leading to massive immune cell infiltration and
viral pneumonia. Often, simultaneously, with a decrease in viral titer, the immune cell response
spirals out of control, causing ARDS and acute lung injury leading to death.

Previous cell culture models of SARS-CoV have included the polarized airway epithelia
line Calu-3, the monkey kidney epithelial cell line Vero, and the pulmonary adenocarcinoma cell
line A549 have all been commonly used to study SARS-CoV (70-72). Early work on SARS-CoV
occasionally used a primary human ciliated airway epithelial model instead of cancer cell lines
(713, 14). Studies in these cell lines have led to informative data, but have the downside of being
only one cell type and work in non-polarized lung epithelial cells has given an incomplete picture
of the pathogenesis of other airway viruses such as respiratory syncytial virus (RSV) (715). Airway
epithelia in the lung are heterogenous and made up of the four major lung epithelial cell types:
club, goblet, basal and ciliated. To more closely model the microenvironment, a model with all
four cell types is needed. Recent research on SARS-CoV-2 has suggested that the antiviral
signals in infected cells upregulates ACE2 on surrounding cells rendering other cell types
permissible in future rounds of infection, evidencing the need to use heterogeneous cell culture

models (76).
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The recent development of organoid models has opened the door to new cell culture
models to study viruses which overcome many of the caveats to studying viruses in cell culture
models as they are polarized, heterogenous, genetically diverse, and maintain the innate immune
response (77). Human airway organoids that are made up of all four epithelial cell types have
recently been established and been shown to be permissive to RSV and various strains of 1AV
(5, 18). These organoids self-organizing 3D structures grown from adult stem cells that
recapitulate essential aspects of organ structure and function and are therefore a relevant model
to move forward with to study SARS-CoV-2.

Single cell RNA sequencing (scRNA-seq) permits analysis of transcriptomes at the single
cell level, allowing us to simultaneously understand how the virus changes the transcriptome in
different cell types and the response of infected and bystander cells (79). Single cell sequencing
has widely been used to understand a variety of SARS-CoV-2 infected lungs and in vitro models

but analysis of airway organoids has not been published(20-24).

Results

To determine the cell type composition of airway organoids, they were stained with
markers for the major airway cell types, including p63 (basal cells), CC10 (club cells) and
MUCS5AC (goblet cells), while ciliated cells were not present (Fig. 1A). Roughly 80% of cells were
basal cells and 20% of cells were secretory which is in line with previously published reports.
ACE2 is the major receptor for SARS-CoV-2, and the level of ACE2 RNA in the airway organoids
was compared to liver organoids, Huh7.5 cells (liver cell line) and A549 (airway cell line) cells
(Fig. 1B). Airway organoids had the same order of magnitude of RNA compared to liver organoids
and Huh7.5 cells, and about 1000-fold greater than A549 cells, but protein levels of ACE2 were
undetectable on a Western blot (Fig. 1C). To remedy this, we introduced a lentiviral vector
expressing ACE2 and selected for the cells that had received the vector with blasticidin.

Expression of ACE2 after transduction was confirmed by Western blot. (Fig 1D). The over
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expression of ACE2 was further confirmed with confocal immunofluorescent microscopy, where
it was not observed in untransduced cells (Fig. 1E), but present in the cells overexpressing ACE2
(Fig. 1F). ZO1, an apical cell marker was also present in both organoids and was present on the
external side of the organoids, as was ACE2, suggesting that SARS-CoV-2 could enter the
organoids in this system.

Once ACE2 was expressed in the organoids, we established at protocol for SARS-CoV-2
infection (Fig 2A). Organoids were lightly dissociated and plated onto chamber slides 24 hours
prior to infection, and after infection percentage of cells infected was determined by confocal
microscopy. Susceptibility of wild type and ACE2 overexpressing organoids to SARS-CoV-2 was
first tested with a spiked pseudotyped virus expressing luciferase. ACE2 overexpressing
organoids were infected by pseudovirus at leading to a 1000-fold increase in luciferase production
over the untransduced organoids (Fig. 2B). This pattern was repeated in measurements of
infectious virions released by ACE2 overexpressing and wild-type organoids at both 24 and 72
hours (Figure 2C, 2D). The greater susceptibility of the ACE2 overexpressing organoids to SARS-
CoV-2 was confirmed with confocal microscopy staining for the double-stranded RNA
intermediate of SARS-CoV-2 replication. A low number of cells, around 5%, were positive in the
wild-type cell line, while double the number of cells were positive for SARS-CoV-2 in the ACE2
overexpressing cell line. Together, these results show that ACE2 expression level is a limiting
factor in SARS-CoV-2 replication in airway organoids and overexpression allows for this to be a
tractable model.

To understand the intracellular interaction between airway cells and SARS-CoV-2 we
performed single cell RNA-sequencing (scRNA-seq) on wild-type and ACE2 overexpressing cells
both infected and uninfected with SARS-CoV-2 (Fig. 3A). The scRNA-seq experiment tracked
with the previous data, where we found much more SARS-CoV-2 RNA in the ACE2
overexpressing condition than the wild-type condition (Fig. 3B), which also aligned with the

overlapping of the wild-type infected cells with the uninfected cells in the uMAP analysis (Fig. 3A).
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The higher level of SARS-CoV-2 infection also showed a higher level of interferon-stimulated
genes (ISGs) as shown for ISG15 (Fig. 3C).

With the surge in SARS-CoV-2 variants, we chose to use the ACE2 overexpressing cell
line to understand the differences between the variants and found that they overlapped in a uMAP
analysis (Fig 3D), suggesting that there is limited differences between the reaction of lung cells
to these different variants. One of the SARS-CoV-2 B.1.315 variants had the highest level of viral
RNA, but the other variants had similar levels but more work needs to be done to confirm the
relative replication kinetics between these variants (Fig. 3E). The similarity between the different
variants is representatively shown by the ISG15 levels which correlate to viral RNA infection levels

(Fig 3F).

Discussion

A biologically relevant cell system is necessary for understanding SARS-CoV-2 replication
lung cells, the primary target of the virus. Current cell lines used include A549, Calu-6 and Calu-
3 lung cell lines as well as Vero E6, Caco-2, and Huh7.5 cells which are monkey kidney, gut or
liver cells. While Calu-3 cells replicate the virus well, A549 and Calu-6 cells also express low
levels of ACE2, necessitating ACE2 over expression in those lines as well. Calu-3 cells are
complicated to work with while the remaining lines are not derived from a human lung. All of these
lines have the downside of being cancer cell lines as well having dysregulated pathways including
immune response and are homogenous in cell type. These airway organoids with ACE2
overexpression are heterogenous, have intact immune signaling pathways and genetic diversity.

At baseline, 5% or less infected cells can make follow up experiments difficult.
Overexpression of ACE2 can reliably increase viral infection across donors to a level that can be
used for downstream single cell analysis such as scRNA-seq, flow cytometry, or confocal
microscopy. ACE2 overexpression and higher SARS-CoV-2 infection leads to a wider dynamic

range of infection, making it more useful for translation studies, such as drug treatment.
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This research lays the groundwork for a tractable, reproduceable primary ciliated cell
model of SARS-CoV-2 infection. Future work is needed to determine whether the ACE2
overexpression can be maintained during differentiation to increase level of infection in ciliated
cells which are a key player in airway SARS-CoV-2 infection. A primary model of ciliated cells is
needed in the field, as very little has been published on them, most likely due to low infection
rates. While more work needs to be done to understand the SARS-CoV-2 replication dynamics
between the variants, the overlapping of the conditions in the unbiased uMAP clustering does
suggest that the overall intracellular interactions remain consistent between the variants, and that
the differences in COVID-19 severity come from variation in ability to infect cells.

In conclusion, we have established a system for studying SARS-CoV-2 in primary airways
cells, characterized the viral replication and used the airway organoids overexpressing ACE2 to

understand the intracellular response of airway cells to SARS-CoV-2 variants.

Materials and Methods
Cell Lines

Huh7-Lunet cells (Ralf Bartenschlager, Heidelberg University), Huh 7.5 cells (Charles
M. Rice, Rockefeller University), and Vero cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin.

293T-HA-R-Spondin1-Fc cells were purchased from Trevigen (Catalogue Number 3710-
001-K) and cultured according to the manufacturer’s protocol to generate conditioned media of
R-spondi-1. Briefly, cells were grown in selection growth media (DMEM with 10% FBS, 1%
Penicillin-Streptomycin, 1% Glutamine, and 100 mg/mL Zeocin) for >5 days until they were >90%
confluent. Media was replaced with organoid basal media (Advanced DMEM/F12 from Invitrogen

supplemented with 1% Penicillin-Streptomycin, 1% Glutamax, and 10 mM HEPES). After 3 days,
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cell supernatant (i.e., R-spondin-1 conditioned media) was collected, centrifuged at 3,000 x g for
15 min, filtered through a 0.22 um filter, and frozen at -20°C in 10 mL aliquots. This process was
repeated by adding fresh organoid basal media to the cells and collecting supernatant after 4
days.

Culture of Human Airway Organoids

To generate human airway organoids (HAOs), input cells were used from whole-lung
lavages of three donors. Human airway organoids were generated from these cells as previously
described (5, 25). Briefly, single cells were suspended in 65% reduced growth factor BME2
(Basement Membrane Extract, Type 2, Trevigen, catalogue number 3533-001-02). From this
mixture, 50 yL drops containing 1,000 to 40,000 cells were seeded in 24-well suspension culture
plates (GreinerBio-one, catalogue number 662-102). Drops were incubated at 37°C for >20 min
and solidified. After this, 500 pL of HAO media was added to each well. HAO media is organoid
basal media (Advanced DMEM/F12 supplemented with 1% Penicillin-Streptomycin, 1%
Glutamax, and 10 mM HEPES) supplemented with 10% (vol/vol) R-spondin1 conditioned media,
1% B27 (Gibco), 25 ng/mL Noggin (Peprotech), 1.25 mM N-Acetylcysteine (Sigma-Aldrich), 10
mM Nicotinamide (Sigma-Aldrich), 5 nM Herefulin beta-1 (Peprotech), and 100 pg/mL Primocin
(InvivoGen). HAO media is further supplemented with 5 yM Y-27632, 500 nM A83-01, 500 nM
SB202190, 25 ng/mL FGF-7, 100 ng/mL FGF-10 (all from Stem Cell Technologies), HAO media
was replaced every 3-4 days.

After 14-21 days, organoids were passaged. For this, cold basal media was used to collect
organoids in 15 ml Falcon tubes and dissolve BME2. Tubes were centrifuged at 250 x g for 5 min
at 4 °C. Media was aspirated, 10x TRYPLE Select (Gibco) was added to the organoids, and the
mixture was incubated at 37°C for 5-10 min. Organoids were further dissociated by pipette mixing
and then diluted in cold basal media. Following another spin and media aspiration, cells were
mixed with BME2 and seeded into new drops. After this initial passage, organoids were passaged

every 10-21 days. Stocks of early-passage (P1 to P3) organoid lines were prepared by
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dissociating organoids, mixing them with recovery cell culture freezing media (Gibco), and frozen
following standard procedures. These samples could be thawed and immediately cultured in HAO
media.
Real Time Quantitative PCR

RNeasy kits from Qiagen were used for RNA extraction and isolation. To extract RNA,
media was aspirated from the well to leave organoids suspended in BME2. 350 uL of buffer RLT
(lysis buffer) was added directly to the well. After a short incubation for RLT to dissolve BMEZ2,
sample lysate was transferred to a 1.5 mL Eppendorf tube. Lysate extracted following the
manufacturer’s protocol for the RNeasy kit. Final RNA concentrations were measured with a
NanoDrop ND-1000. Total RNA was reverse-transcribed using oligo(dT)ss primers (Thermo
Scientific), random hexamers primers (Thermo Scientific), and AMV reverse-transcriptase
(Promega). cDNA was diluted to 5 ng/ul. Gene expression was assayed by real-time quantitative
PCR using Maxima SYBR Green qPCR Master Mix (Thermo Scientific) on an ABI 7900HT real-
time PCR system. The SYBR Green qPCR reactions contained 10 pl of 2x SYBR Green Master
Mix, 2 ul of diluted cDNA, and 8 pmol of both forward and reverse primers. The reactions were
run using the following conditions: 50°C for 2 min, 95°C for 10 mins, followed by 40 cycles of 95°C
for 5 secs and 60°C for 30 secs. Relative values for each transcript were normalized to 18S rRNA.
Gene primers used are listed in Table S1. For every gPCR run, three technical replicates per
sample were used for each gene.
Western Blot

Organoids were collected from culture plate with cold basal medium, washed, and
centrifuged. The resulting cell pellet was re-suspended in 100 uL of RIPA buffer with HALT
protease. Sample was incubated on ice for 30 minutes, before sonicating at 45% power for 10
seconds (Sonic Dismembrator Model 500). Sonicated cells were spun down and supernatants

were collected as cell lysates.
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Cell lysate protein concentrations were determined by Bio-Rad DC Assay. For each sample, 20
ug of protein was loaded. Appropriate volume of cell lysate was lysed with Tris-Glycine SDS
sample buffer, heated at 95C for 5 minutes. Lysed cell lysate samples were immediately loaded
onto 4-20% gradient gels (Bio-Rad, catalogue # 4561095) for SDS-PAGE for 90 minutes at 120V.
Gel was wet-transferred onto a 0.45 nitrocellulose membrane for 1 hour at 100V. Blots were
blocked in 5% milk in 1x TBST solution for 1 hour in room temperature with gentle rocking, then
incubated with primary antibodies in 5% milk in 1x TBST overnight at 4C with gentle rocking. Blot
was washed 3 times with 1XTBST and incubated with goat anti-rabbit and goat anti-mouse IgG
HRP-conjugated secondary antibodies diluted at 1:5000 with 5% milk in 1XTBST for 1 hour in
room temperature with gentle shaking. After washing the blots 3 times with 1xTBST, blots were
developed with Lumi-Light Western Blotting Substrate (Roche) for 5 minutes in the dark and
visualized on a chemiluminescence imager (Bio-Rad ChemiDoc MP).
Whole-Mount Organoid Staining

Organoids were processed for imaging as previously described (26). Briefly, organoids
were removed from BME2 with 3x cold PBS washes then fixed in 2-3% paraformaldehyde for 30
min on ice and washed 3x in PBS. Fixed organoid samples were stored at 4°C for up to 2 months.

For staining, organoids were blocked in PBS supplemented with 0.5% Triton X-100, 1%
DMSO, 1% BSA, and 1% donkey or goat serum. Organoids were blocked for several hours at
room temperature. Blocking solution was then removed and replaced with blocking solution
containing primary antibodies diluted 1:500 or 1:250. Organoids were incubated with primary
antibodies for 24 hr at 4°C. After this, organoids were washed 3x in PBS and incubated with
secondary antibodies diluted 1:250 in PBS at room temperature for several hours. Organoids
were washed 3x in PBS and stained with Hoescht before visualization. Organoids were imaged
on both Zeiss Axio Observer Z.1 and Zeiss Lightsheet Z.1 microscopes. Images were processed
using a combination of the Zeiss software, Imaged 1.51f, and Imaris 9.3. Primary antibodies we

used are listed in Table S2.
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Infection of HAOs with SARS-CoV-2

After HAOs were dissociated into a single-cell suspension, cells were re-suspended to
final density of 100,000 cells per 300 uL of HAO medium and seeded onto culture plates pre-
coated with BME2 at 37C for 1 hr. The cells were allowed to settle and embed onto BME2 coating
for 20-60 minutes at 37C before adding HAO media. 24 hours later, the organoids were infected
at an MOI of 1 for 2 hours, and then then the virus containing media was removed, the cells were

washed, fresh media was replaced and the cells were incubated until post infection processing.
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Figure 3.1: (A) Light sheet microscopy of expression of cell-type specific markers in HAOs. P63
(basal cells), left; CC10 (club cells) center; MUC5AC (goblet cells) right. (B) ACE2 RNA levels in
Huh7.5 cells, liver organoids, airway organoids, and A549 cells. (C) Representative western blot
of ACE2 protein levels in HAOs at baseline and with ACE2 overexpression. (D) Quantification of
ACE2 levels across three donors and four overexpression experiments. (E,F) Representative
confocal microscopy images of ACE2 (red) ZO1 (green) and DAPI (blue) in wild type (E) and
ACE2 overexpression (F) organoid lines, with the composite image on the left.
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Figure 3.2: (A) Schematic detailing the method for organoid infection in a chamber slide. (B)
Relative luciferase units of wild-type (WT) organoids and ACE2 overexpressing organoids
infected with SARS-CoV-2 wild type pseudovirus. (C) Plaque forming units (PFU)/mL in the
supernatant of SARS-CoV-2 infected WT and ACE2 over expressing organoids at 24 and 72
hours. (D) Representative images of dsRNA staining (green) of uninfected, wild-type, and ACE2
overexpressing organoids at 24 and 72 hours. (E) Quantification of percentage of infected cells
by dsRNA staining at 24 and 72 hours in WT and ACE2 overexpressing organoids.
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Figure 3.3 (A) UMAP showing clustering of SARS-CoV-2 infected and uninfected nontransduced
and ACEZ2 over expressing organoids. (B) WA-1 SARS-CoV-2 levels in nontransduced and ACE2
overexpressing organoids. (C) ISG15 expression in transduced and untransduced organoids. (E)
UMAP of ACE2 overexpressing organoids infected with WA-1, B.1.1.7, B.1.315, and B.1.429. (D)
SARS-CoV-2 levels of each variant in ACE2 overexpressing cells (E) ISG15 expression with
variant infection in ACE2 overexpressing cells.
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Abstract

New methods are needed to understand the immune response to Hepatitis C Virus (HCV) since
in vivo animal models are resistant and in vitro cell culture models have dysregulated innate
pathways and lack adaptive immune cells. This paper describes a CD8+ T cell and adult stem
cell liver organoid coculture system to fill that gap. A microfluidic chip allows for CD8+ T cells to
migrate to the liver organoids, tracking of individual organoids over time, and measurement of
viability. Liver organoids pulsed with the HCV NS3 peptide KLVALGINAYV were specifically killed
when cocultured with HCV-specific CD8+ T cells, demonstrating the potential of this platform to

understand adaptive immune response to HCV in an in vitro setting using primary human cells.

Introduction
Hepatitis C virus (HCV) is a positive single-stranded RNA virus which targets hepatocytes
and, untreated, can progress to liver cirrhosis and hepatocellular carcinoma (7). About 20% of

patients clear infections spontaneously, but the remainder establish a lifelong infection, which is
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often not diagnosed until after severe liver disease has occurred (2). While the incidence of HCV
in the United States has remained lower than in other regions, the opioid epidemic has led to an
increase in HCV cases due to needle sharing (3). Despite the recent introduction of direct-acting
antivirals against HCV, the global disease burden remains high, related to lack of access to
treatment, expense of drugs, and the possibility of reinfection after treatment is completed (4). In
addition, despite a sustained virologic response (SVR), the risk of hepatocellular carcinoma
remains higher in previously HCV-infected individuals compared to those who have never been
infected (5). This underscores the need for an effective vaccine, the development of which has
been hampered by the high mutation rate of the virus and the lack of broadly neutralizing antibody
induction after natural infection or vaccination strategies (6).

HCV demonstrates low tropism and can productively infect chimpanzees and humans only
(7). The dynamics of the immune response to HCV have been well studied in chimpanzee models,
which show that CD8+ and CD4+ T cells play an important role in the control of HCV infection (2).
While antibodies are made against the virus, they do not provide a level of sterilizing immunity
sufficient to protect against reinfection, although upon reinfection the T cell response is able to
peak and clear the virus at a faster rate (2). The most recent human vaccine trial that succeeded
in eliciting anti-HCV T cell responses did not offer any protection against chronic HCV infection
(8).

With chimpanzees no longer available for animal studies, there is an urgent need for
laboratory models of HCV immunity. However, physiologically relevant laboratory models of HCV
have been challenging to establish as primary human hepatocytes do not sustain long-term
culture due to rapid dedifferentiation in vitro, and thus cannot be chronically infected with HCV
(9). Therefore, most research has relied on viral strains that can robustly replicate in various
subclones of the Huh7 hepatoma cell lines (70-12). However, the genetic perturbations in IFN
response and RIG-I signaling that make Huh-7 cells highly permissive to HCV in the first place,

also result in a dysfunctional innate immune defense in the cells and thereby making them unable
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to accurately model immunity to HCV (70). In addition, Huh7 cells lack polarity and therefore
demonstrate a non-physiological distribution of HCV surface receptors (70).

Fortunately, recent developments in organoid technologies have enabled the creation of
liver organoids from pluripotent and adult stem cells that replicate key structural and functional
features of the organ and therefore can be employed for modeling HCV infection in the liver. Adult
stem cells (ASCs) derived from the liver can be grown in a defined culture condition to robustly
generate 3D liver organoids that can be maintained in culture without developing a senescent
phenotype for multiple months (73-15). Long term culture of liver organoids can be initiated
through selection of EpCAM+ cells from liver biopsies as the EpCAM+ compartment of the liver
cells is enriched for ASCs.

Recently, we have shown that ASC-derived liver organoids retain cell polarity rendering
them highly suitable for the study of viral entry and replication. (ESC- and iPSC-derived hepatic
organoids have been successfully infected with JFH1-derived viral clones and primary isolates of
HCV(16-18). In addition, we have previously shown ASCs derived from the liver can carry HCV
and that ASC-derived organoids are infectible over months with a primary viral isolate of HCV.
Lastly, as paired liver and blood samples can be obtained from ASC donors, ASC-derived
organoids open up entirely new avenues into modeling host-pathogen interactions and immune
response to infection and cancer in an autologous coculture setting (79, 20).

Here, we report a microfluidics-based, 3D, coculture platform for the study of HCV
infection and immune response in the liver. We employ a static microfluidic chip to emulate the
physiological interaction between a solid tissue, such as the liver, and the T cells in circulation.
The liver organoids are embedded in extracellular matrix within the central channel of a
microfluidic chip and the CD8 T cells suspended in media in adjacent, inter-connected microfluidic
channels. The fluidics configuration can be manipulated to drive the T cells from media towards
the central channel where the liver organoids are contained. We used an HCV A0201-

KLVALGINAV (NS3 aa1406-1415) CD8+ T cell clone and an HLA-matched donor liver organoid
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to allow coculture which could be monitored over time. Coculture in the microfluidics chip enables
the real-time imaging to monitor the organoid/T cell interactions, and precise control over cellular
interactions through modulation of culture parameters, including flow rate and soluble factor
gradients. This coculture platform, which is capable of recapitulating immune cell dynamics in
liver tissue microenvironments, represents a powerful system to model critical cellular features of

HCV immunity.

Results

1. Adult stem cell-derived liver organoids express HLA class |

ASC-derived organoids were grown from liver samples obtained from clinical resection
procedures, as previously described (73). The resulting organoids consist mostly of a single
epithelial cell layer surrounding a hollow center; in the stem-cell state, liver organoids can be
maintained and expanded in basement membrane extract (BME) for at least four months without
loss of viability. Antigen presentation on the surface of the target cell is required for T cell
interaction to initiate a primary immune response. Thus, to test whether liver organoids could
function as antigen-presenting cells, the levels of the class | HLA markers, HLA-A, -B, -C, were
measured by quantitative RT-PCR (Fig. 1A). We compared HLA expression in organoids obtained
from HCV- and HCV+ donors, and observed no significant difference between the levels of
expression based on viral status, as has been previously shown in vivo (27). To determine the
polarity of HLA class | expression, we used light sheet microscopy to examine the entire organoid
(~200 um diameter) in toto and stained for Beta-2 Microglobulin, a common component of all HLA
complexes. These analyses indicated that Beta-2 Microglobulin was readily expressed and
localized on the outside, basolateral side of the organoids (Fig. 1B).

Next, we tested whether CD8+ T cells could recognize and react to the HLA on the surface

of the organoids. CD8+ T cells were isolated from heathy blood donors and cultured overnight
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with IL-2 stimulation before incubating the T cells with allogenic organoids for 5 hours (Fig. 1C).
Incubation with the allogenic organoids induced a robust induction of interferon-gamma (IFN-y),
a proinflammatory cytokine, and CD107a, a degranulation marker, indicating that the organoids
act as efficient antigen-presenting cells that could activate CD8+ T cells to a similar degree as the
PMA/ionomycin control (Fig. 1D).

HCV viral entry occurs via multiple surface expressed receptors essential for viral entry
and endocytosis, therefore we confirmed expression of HCV receptors CD81, claudin, occludin
and SRB1 in liver organoids. Although no significant difference in CD81 or occludin transcript
levels was observed between donors, claudin mMRNA expression was on average higher in HCV-
samples, whereas SRB1 was lower in HCV- samples (Fig. 1E). Immunostaining for the HCV
receptor CLDN1 indicated that it was primarily expressed on the apical surface of the organoids.
Due to the expression of HLA class | on the surface, and the expression of HCV receptors, we
conclude that these organoids have the required proteins to model T cell interaction with HCV+

liver cells.

2. Generation and characterization of the HCV A0201- KLVALGINAV (NS3 aa1406-1415) CD8+

T cell clone.

In order to model antigen-mediated killing of virally infected cells, we needed to create T
cell clones capable of specifically recognizing antigens presented by liver organoid cells (Fig 2A).
To that end, we generated a A0201-KLVALGINAYV (NS3 aa 1406-1415) HCV specific CD8+ T cell
clone from an individual who spontaneously resolved HCV. The KLVALGINAV CD8+ T cell
population from this individual was sorted and cloned from peripheral blood using a HLA-A0201-
KLVALGINAYV PE tetramer and CD8+ FITC stain. (Fig. 2B). Individual CD8+ T cells clones were
expanded in culture with irradiated allogeneic PBMC feeders, anti-CD3 and rlL2. The expanded
clones were assessed for antigen specificity in a chromium release assay against HLA- A0201

targets pulsed with either the A0201-KLVALGINAV peptide or a non-specific HLA-A0201-
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matched control peptide. A representative chromium release assay with one of the clones, SR01-
78 is shown (Fig. 2C). To confirm that this clone reacted to endogenously processed protein, the
HLA-A0201 target cells were infected with NS3 HCV recombinant vaccinia virus (vwNS3) or
vaccinia virus (vwWT), and as expected the clones reacted at higher levels to cells expressing

their specific antigen (Figure 2C).

3. Culture of liver organoids and CD8+ T cells in a microfluidic chip

To establish tractable coculture of CD8+ T cells and liver organoids, we used a
commercially available microfluidic chip device (Fig. 3A) (22), with a central channel where
organoids can be embedded in cross-linked BME, and flanking media channels on the top and
bottom where media and T cells can be introduced. The contents of the central channel remain
contained while interstitial flow is permitted between the flanking media channels. A pressure
difference is created and maintained between the flanking media channels via differential media
volume reservoirs to ensure transverse interstitial flow of media across the central channel. T
cells added into the higher pressure channel can thus be moved through the central channel by
this transverse flow. This system enables tracking of individual organoids and T cell:organoid
interactions over time via light microscopy, with phase contrast microscopy used for the tracking
and morphological characterization of organoids, and fluorescence microscopy used to quantify

T cells labeled with CellTracker Green.

4. Optimization of coculture media conditions.

Optimal culture parameters were established in the microfluidic device for simultaneous
culture of T cells and organoids. T cells are typically cultured in RPMI medium with 10% FBS,
whereas, liver organoids are cultured in serum-free DMEM medium supplemented with Wnt and
Notch agonists. To determine which medium would be optimal for the coculture system, we tested

T cells and liver organoid viability when cultured for 60 hours in stem cell organoid medium (EM),
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RPMI medium and a 1:1 mixture of EM:RPMI media. To determine the viability of T cells, we
supplemented the culture media with DRAQ7 viability dye, which enables in situ labeling of
nonviable cells, and quantified total numbers of CellTracker+ and DRAQ7+ cells to calculate the
viable and nonviable T cell counts, respectively. T cells maintained similar viabilities (>75%) in all
three culture conditions in the 60-hour time period with no statistically significant difference
between the complete RPMI media and EM media (Fig. 3B). For organoids, phase contrast
imaging and morphological characterization were employed to quantify viability. Organoids with
a spherical shape and good epithelial integrity were classified as viable, wehreas, liver organoids
with irregular shape and loss of growth, as indicated by the red outline (right) were deemed to be
nonviable organoids (Fig. 3C). After 60 hours in RPMI media, organoid viability dropped to below
25%, while remaining above 75% in the EM media. A 1:1 mix of both media rescued organoid
viability slightly, but still remained below 50%. Thus, because T cell viability remained relatively
constant in EM media, while RPMI was highly toxic to liver organoids, EM media was chosen for

use in subsequent coculture studies.

5. Coculture of organoids and T cells

Once the media effects were defined in independent monoculture, the viability of
organoids and T cells cocultured in the microfluidic chip was tested (Fig. 4A). Organoids in BME
were added to the central channel and CellTracker Green+ T cells were added to one of the
flanking channels before migrating into the center (Fig. 4B). To determine if peptide pulsing and
coculture affected organoid viability, the organoids were pulsed with a nonspecific peptide. There
was no significant decrease in organoid viability up to 60 hours in coculture, indicating that

coculture was not inherently toxic to the organoids (Fig. 4B).

89



6. T cell response to peptide pulsed organoids

To determine whether T cell clones could recognize and kill organoids expressing their cognate
peptide, we cocultured T cells and organoids and tracked viability over time. Organoids were
pulsed with the KLVALGINAV HCV-specific peptide and then loaded into the central channel of
the chip, while T cells were added in the media channel. Images were taken at 15, 40 and 60
hours post start of coculture with representative images shown (Fig 5A). At 40 hours peptide
pulsed organoids had over a 10X decrease in viability compared to the unpulsed organoids (Fig
2B). Almost complete (80%) cell death in the pulsed condition by 60 hours (Fig. 5B), with only
15% cell death in the unpulsed condition. This difference was not due to the number of T cell that
migrated into the central channel, as there was no statistically significant difference in the number
of T cells in the central channel, and trended towards an increase in cell number in the HCV-
condition. Addition of T cells at varying effector to target ratios influenced the level of killing (Fig.

5C).

Discussion

HCV infection remains a significant global health challenge, with 3-4 million new cases
emerging worldwide every year (23). Novel direct-acting antiviral (DAA) drugs are highly effective
against HCV infection but are plagued by high cost, limited access, risk of re-infection and the
emergence of resistant viral variants, which collectively limit the efficacy of DAA therapies (24).
Due to these limits of DAAs, efforts towards developing an effective prophylactic vaccine for HCV
are warranted. However, systems for modeling human immune response to HCV, necessary for
finding vaccine candidates, are limited. Here we report a tractable coculture system of liver
organoids and antigen-specific T cells which can be applied towards vaccine research, such as
identifying highly immunogenic HCV epitopes that lead to T cell-mediated viral clearance in liver
cells. We identified a common culture media condition that is permissive for coculture of the two

cell populations in a microfluidic device that enables the spatial and temporal analysis of individual
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organoid responses via light microscopy. Using a novel HCV antigen-specific CD8 T cell clone,
we could document functional T cell activity and the specific killing of peptide-presenting liver
organoids as a surrogate for virally infected organoids. These results provide a valuable platform
to study HCV infection in primary liver cells in the context of HLA-matched immune cells.
Additionally, the model described in this study can enable the molecular studies of human anti-
HCV T cell responses, supporting critically needed vaccine development.

Organoid technologies have elevated the ability to study viral infections in relevant tissues
in a physiologically relevant manner. HCV tropism is restricted to chimpanzees and humans,
resulting in the research being almost entirely dependent on cell culture-based models (2, 117).
Deriving organoids from human liver biopsies provides the possibility of modeling patient-specific
immune responses to HCV. Patient-specific organoids enable the study of different HCV
genotypes and corresponding heterogeneity in immune response. 3D liver organoids mimic key
structural and functional aspects of the native organ and importantly in the context of HCV
infection in the liver, we show here that liver organoids express HLA class | and present peptides
effectively to antigen-specific T cells. Interestingly, the liver cells in the organoid self-organize to
highly polarized structures, with the apical side of the organoid enriched for high levels of the viral
entry factors (CD81 and others), rendering this platform capable of studying viral infections
beyond peptide pulsing.

Liver organoids are typically cultured by mixing individual or small aggregates of cells
embedded in small droplets of basement membrane extract (BME). The stochastic heterogenous
distribution of organoids throughout the relatively large BME droplets makes it challenging to
observe the response of individual organoids to infection and presence of T cells. Distribution of
organoids in different planes of focus in the droplets makes it very difficult to compare and
contrast individual organoids directly. In addition, the droplet system also lacks ease of registry of
individual organoids thereby rendering their longitudinal monitoring inherently challenging. In

contrast, studies in the microfluidic chip-based platform simplifies spatial and temporal
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observation of individual organoids. The fixed orientation and monoplanar distribution of the
organoids and the ability to track T cell migration in the microfluidic chips longitudinal monitoring
of individual organoids over time, which preserves the heterogeneity in cellular responses of both
the organoids and T cells. Similar to a droplet-based system, the organoids in the microfluidic
chips are embedded in BME but the thin height configuration of the device channels prevents
overlapping stacking of the organoids and yields a relatively uniform horizontal distribution,
rendering it easy to follow each organoid over time.

T cells are independently introduced into the system by suspension in culture media, thus
mimicking the perfusion of blood entering a tissue. By establishing a lateral pressure gradient
across the chip, T cells and media flow in a uni-directional manner through the central channel,
which is laden with the matrix-embedded organoids. This spatiotemporal controlled coculture
system allows for the selective study of T cells that are able to penetrate the ECM
microenvironment of the central lane and interact with the liver organoids. Image-based tracking
of individual organoids enables differential analysis of organoids that physically interact with T
cells from those that do not.

The HCV genome is characterized by extensive genetic heterogeneity and can be
classified into 6 distinct genotypes (25). The HCV non-structural protein 3 (NS3) that is required
for viral replication in vivo demonstrates serine protease function at the N-terminus and helicase
and nucleoside triphosphatase activity at the C-terminus (26). Analysis of the livers and PBMCs
of patients with chronic HCV infection demonstrated that approximately 75% of patients harbored
CD8+ cytotoxic T cells specific to epitopes located within the NS3 protein (27). NS3 protein
contains numerous immunologically-relevant epitopes, including KLVALGINAV, which is a
highly conserved HLA class | restricted epitope. Our study demonstrates that organoids that
present this HCV-specific peptide on the cell surface (KLVALGINAV) exhibit a drastic loss in

viability when cocultured with matched CD8+ T cell clones.
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Viral induced liver damage is mediated both by direct infection of parenchymal cells as
well as immune cell cytokine release. By pairing immune competent cells with adaptive immune
cells, we have established a system to explore interventions along the liver cell/immune cell axis.
The addition or removal of cytokines, blocking treatments, stimulations of T cells, and other
pharmacological interventions could all be readily modeled in this system to attain a better
understanding of how such interventions affect liver viability. Live imaging of this system could
also be used to track T cell dynamics under different stimuli. Without HCV infection, HLA matched
or mismatched polyclonal T cells could be introduced to the system to model T cell mediated
damage, with perturbations to either the liver orimmune cells to model increases or decreases in
cell death.

Employing a microfluidic chip with distinct compartments for solid tissue and media
channels preserves the physiological T cell migration and motility behavior in response to varying
chemotactic signals from the liver tissue. Additionally, this compartmentalized culture format
allows incorporation of additional relevant immune or liver cell types, such as Kupffer cells or NK
cells, to understand their role in HCV infection. With the growing cases in HCV globally and
domestically, this platform can be used to understand basic and translational aspects of HCV

research to move towards a vaccine.

Materials and Methods

Liver Organoid Culture

Liver organoid culture is initiated by 3D culture of EpCAM+ cells freshly isolated from liver
resections, using methodology previously described(73). Briefly, bead-sorted EpCAM+ liver cells
were mixed with 50 pul basement membrane extract (BME2) and cultured in a 24-well plate
overlaid with basal media (Advanced DMEM with 1% glutamax and 1% pen/strep) containing B-

27 (50X, ThermoFisher), N-2, (100X ThermoFisher), 25 ng/ml Hepatocyte Growth Factor
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(Stemcell Technologies), 50 ng/ml Epidermal Growth Factor (Stemcell Technologies), 10 nM
Gastrin I, 1 mM N-Acetylcysteine (Sigma), 100 ng/ml Fibroblast Growth Factor-10 (Stemcell
Technologies), 10 uM Forskolin (Stemcell Technologies), 5 uM A83-01 (Tocris Bioscience) and
1:1000 diluted R-spondin-1 conditioned media. Prolonged culture in the above mentioned format
generated multicellular liver organoids. Culture media was changed 2x/ week and organoids were

split 1:4 with TrypLE digestion every 2-3 weeks.

Real Time Quantitative RCR

RNA was isolated according to manufacturer's directions with the Qiagen RNeasy mini Kkit.
Organoids were lysed in BME2 with 350 uL of buffer RLT, and RNA was extracted according to
the manufacturer’'s protocol. The isolated RNA was transcribed into cDNA using oligo(dT)+s
primers (Thermo Scientific), random hexamer primers (Thermo Scientific), and AMV-reverse
transcriptase (Promega). Transcripts were quantified by adding 10 ng of cDNA to a master mix
containing 8 pmol of forward and reverse primers, water and 2X SYBR Green Master Mix (Thermo
Scientific) to a total of 10 uL. Each assayed gene was run in triplicate for each sample on an
Applied Biosciences thermocycler under the following conditions: 50°C for 2 minutes, 95°C for 10
minutes, followed by 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. Gene expression

for the target genes was reported relative to the 18S housekeeping gene.

Light Sheet Microscopy

Organoids were fixed for staining according to a previously published protocol(73). Briefly,
organoids were removed from the cell culture plate with ice-cold PBS and then were washed 3x
with cold PBS to remove BME2. Organoids were fixed for 30 minutes on ice with 4%
paraformaldehyde, washed 3x with cold PBS and stored at 4 °C for up to two months. Before

staining, organoids were blocked with PBS supplemented with 0.5% Triton X-100, 1% DMSO, 1%
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BSA, and 1% donkey serum (blocking buffer) overnight at 4°C. Primary antibody was added at a
1:500 dilution in blocking buffer and incubated at 4°C for 48 hours, and washed 5x with PBS.
Secondary antibodies were added in PBS at a 1:250 dilution and incubated at room temperature
for several hours. Organoids were washed 5x in PBS to remove secondary antibodies and stained
with Hoescht for 10 minutes at 1:1000. Organoids were imaged on Zeiss Lightsheet Z.1
microscopes. Images were processed using a combination of the Zeiss software, ImageJ 1.51f,

and Imaris 9.3.

Peptide Pulsing of Organoids

Organoids were removed from BME by addition of cold basal media and washed with additional
10 ml of cold basal media. The organoids were resuspended in 200 uL of PBS with 5 ug of either
HCV KLVALGINAYV peptide, nonspecific (XXX) peptide, or no peptide, and incubated at 37°C for
1 hour. At the end of the incubation period, organoids were washed 2X in basal media, mixed with

BME and seeded into the central lane of the microfluidic chip.

Generation of CD8+ T cell clone

Sorting and Cloning of KLVALGINAV CD8+ T cells

CD8+ enriched PBMC from HCV spontaneous resolver, SR01, were stained with the A0201-
KLVALGINAV-PE tetramer (NIH tetramer Core Facility, Emory University) and CD8-FITC Ab (BD
Biosciences, San Jose, CA), and sorted on a FACS Aria cell sorter. Tetramer Sorted CD8+ T cell
clones were established by limiting dilution seeding of A0201-KLVALGINAYV sorted CD8+ T cells
at either 3, 1 or 0.3 cells/well in 96-well U-bottom plates along with 5 x 10 irradiated allogeneic
PBMC feeders, 0.04 pg/ml anti-CD3/ml in RPMI medium supplemented with 10% FBS and 40
u/ml rIL2 (Clone Medium). Plates were cultured at 37°C and 6% CO.. Plates were refed every 3-

4 days by removing 100 ul of clone medium and replacing with 100 pl fresh clone medium.
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Between days 7-14, clones displaying growth were transferred into 24-well plates and
restimulated with 2 x 108irradiated allogeneic PBMC feeders, 0.4ug anti-CD3/ml in clone medium.
Clones were maintained by restimulating every 2-3 weeks with irradiated allogeneic PBMC

feeders, anti-CD3.

CD8+ T Cell Culture

CD8+ T cell clones were maintained in culture with periodic stimulation (every 2-3 weeks). Briefly,
T cell clones were plated in a 24-well plate at 1x10° cells/well in RPMI + 10% FBS + 40u/ml rlL2
(clone medium). Irradiated PBMC feeders (2 x10°) from an allogeneic donor were added to each
well along with 0.08ug/ml anti-CD3. Plates were incubated at 37°C and refreshed every 3-4 days
with fresh clone medium. When wells reached confluency, the clones were pooled together and

placed in T75 flasks until the next restimulation.

Chromium Release assay

The 721.221 class | MHC deficient cell line transfected with the A0201 Class | MHC molecule served
as targets for the chromium release assay. The A0201 class | transfectant was simultaneously loaded
exogenously with peptides at 10 ug/ml concentration and 25 uCi of 5'Cr for 1 hour at 37°C. The A0201
targets were washed 3X and resuspended at 5 x 10* /ml. Recombinant vaccinia virus (rVV) infected
A0201 targets were infected at an MOI of 10:1 for one hour, washed 1X and cultured O/N at 37°C.
The next day the rVV targets were washed and labeled with 25 uCi of *'Cr for 1 hour at 37°C. The
clones were seeded at E:T ratios of 20, 5 and 1:1 in 96-well bottom plates. The targets were added
to the clones at 5000 cells/well. Chromium release assays were incubated for 3-4 hours at 37°C. 50ul
supernatant was harvested from each well and placed in 96-well Luma Plates containing a dry
scintillant (Perkin Elmer, Waltham, MA). Dried plates were counted on a MicroBeta counter (Perkin

Elmer, Waltham, MA). Percent specific *'Cr release was calculated:
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(Experimental release- Spontaneous release)/ (Maximum release- Spontaneous release) x 100
Responses were considered positive if the percent specific lysis was twice or more above background

at 20:1 and 5:1 E:T ratios.

Fluorescent labeling of T cells.

T cells were stained with CellTracker Green CMFDA (ThermoFisher Scientific, C2925) for real-
time fluorescence imaging in microfluidic chip. CellTracker staining solution was freshly prepared
by diluting the stock in prewarmed PBS to a final concentration of 10uM. T cells were washed 2X
in PBS at 400xg for 5 minutes to remove any traces of cell culture media. Following this, the cells
were suspended in the CellTracker staining solution and incubated at 37°C for 30 minutes. Cells
were washed 3X to remove unbound dye and resuspended in the appropriate media for the

subsequent steps.

Organoid-T cell coculture in microfluidic chip.

Liver organoids and T cells were cocultured in single use, 3D cell culture chips obtained from AIM
Biotech (DAX-1). The microfluidic chips consist of a central channel for the 3D culture of cells
embedded in hydrogel and two flanking channels for introducing media and/or secondary cell
type(s). In this study, liver organoids were cultured in the central channel and the flanking
channels were used for cell culture media exchange or for introducing T cells suspended in media.
Both sides of the central channel are bordered by vertical posts with a triangular base that
prevents leaking of content from the central channel to the flanking channels on either side.
Regular gaps between these vertical posts ensure that the interstitial flow of media from the
flanking channels towards the central channel can still occur uninterrupted. To initiate the
coculture in chips, liver organoids were gently dissociated with TrypLE to obtain organoids of

about 75-150 cells each, rinsed 2X in cold basal media to remove any residual BME, and pulsed
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with HCV or nonspecific peptides as described in the previous section. Organoids were
resuspended in the appropriate volume of cold EM to generate a final concentration of
approximately 20 organoids/ul. Following this, the organoids suspended in EM were mixed with
equal volume of BMEZ2 to bring the final concentration to 10 organoids/ul and placed on ice until
loading into chips. 7.5yl of this organoid suspension was injected into the central channel of the
3D chip using micropipettes by carefully pipetting in from either one of the media ports without
generating any air bubbles. Chips were inspected under the microscope to ensure the organoid
suspension was uniformly dispersed throughout the length of the central channel prior to
incubating at 37°C for 15 minutes to allow for complete cross-linking of BME. For the monoculture
conditions, the media channels were loaded with EM warmed to 37°C. For the coculture
conditions, media channels were loaded with T cells suspended in EM at the relevant cell density.
To load only media, 10ul media was carefully pipetted into the left-side media inlet of both top and
bottom flanking channels. Following this, the troughs above the left and right side media-inlet
ports were carefully filled with 80ul media and 50ul media, respectively. Similarly, the bottom
media channels were loaded with 50ul and 40ul media on either side. For the coculture conditions,
the required number of CellTracker stained T cells were suspended in 10ul EM and injected into
the top flanking media channel only. Cell culture media was replaced every 24 hours by carefully
aspirating the media out from the troughs without reaching into the media inlet (Fig. 3A). The
microfluidic chips were carefully incubated at 37°C for the entire culture duration. Microfluidic
chips along with 3cm petri dishes filled with sterile water were placed in 1-well plates for easy

handling and minimization of evaporation of cell culture media from the chips.

Activation of CD8+ T cells.

T cells were activated with 0.1mg/ml PMA and 0.5 uM ionomycin while simultaneously treated

with BFA and Monensin and incubated for five hours at 37°C.
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Distinquishing between viable and nonviable liver organoids.

Liver organoids were classified as viable or nonviable at different time points of image acquisition
based on the morphometric analysis of the organoids. Liver organoids were imaged with phase
contrast microscopy through maximum intensity projections of z-stack images. The entire area of
the central channel was imaged (10.5mm X 1.3mm), and using the spatial coordinates, the
different tiles were stitched together using the built-in tiling feature of FIJI image analysis software
with an overlap of 5%. At the 0-hour time point, all organoids in the central channel were traced
using the elliptical selection tool in FIJI and the morphology parameters were measured and
recorded. Aggregates of individual organoids or those attached to the posts or borders of the
central channel were excluded from the analysis due to irregular geometries. Organoids that
appeared unhealthy at baseline were also excluded from the study. The annotated set of
organoids were monitored over time and morphometric changes were analyzed. Organoids with
decreasing total area, combined with a sharp decrease in the circularity measure ( <0.7) were

deemed to be nonviable. Prism software was used for data visualization and statistical analyses.

Viability Assay for CD8+ T cells.

Real-time viability of T cells in different culture conditions was determined using DRAQ7 dye
(Abcam, ab109202), which selectively fluorescently stains dead cells. Briefly, cells were cultured
in media containing DRAQ7 throughout the duration of the viability assay at a final concentration
of 3uM. At each time point of analysis, T cells in 3D chips were imaged using fluorescence
microscopy to quantify the total number of DRAQ7+ cells using excitation of 647nm and emission
at 681nm. Total live T cell count was obtained through the quantification of CellTracker+ cells and

total dead cell count was established through quantification of DRAQ7+ cells.
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Image analysis for T cell viability assay.

Fluorescent images with z-stacks were acquired on a Zeiss inverted microscope. For each chip,

images were acquired to cover the entire area of the central channel (10.5mm X 1.3mm). All the

subsequent image analysis was performed using FIJl image analysis software. Tiles were stitched

to recreate the entire field of view of the central channel using the built-in tiling feature of FIJI.

Images were split into the different color channels. Total number of live cells was calculated using

the CellTracker Green+ cells and total number of DRAQ7+ cells yielded the dead cell count. To

count cells, all the images from different conditions were set to the same signal threshold, images

were converted to binary format, and the built-in “analyze particles” plugin feature was used to

count the numbers of CellTracker and DRAQ7+ cells. At least 3 biological replicates were used

for each condition.

Table 4.1: qPCR Primers

Forward Reverse
HLA-A CAG ACG CCG AGG ATG GCC CAC ACAAGG CAGCTG TCTCACA
TCT CCT CAG ACG CCG AGA TGC;
HLA-B CTGTCTCAGGCTTTTCAAGCTG
TCT CCT CAG ACG CGG AGA TGC
TCT CCC CAG ACG CCG AGA TGC; | CTG TCT CAG GCT TTA CAA GCG A;
HLA-C
TCT CCC CAG AGG CCG AGA TGC CTG TCT CAG GCTTTACAAGTGA
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Figure 4.1. Human liver organoids in the stem cell (EM) state express the necessary factors
to interact with CD8+ T cells and HCV virions. (A) Expression levels of HLA Class | genes as
determined by RT-gPCR from HCV- (N=5) and HCV+ (N=4) liver organoids. RNA levels were
standardized to the 18S gene and significance was calculated with an unpaired t-test. NS = not
significant. (B) Representative light sheet images of a liver organoid stained with the pan-class |
HLA marker B2 microglobulin (B2M; red) and DAPI (blue). (C) Expression levels of HCV entry
factors CD81, occludin (OCLN), claudin1 (CLDN1) and SRB1 by RT-gPCR from HCV- (N=4) and
HCV+ (N=5) liver donors. All genes were standardized to 18S and significance was calculated
with an unpaired t-test. NS = not significant. (D) Light sheet microscopy of HCV entry factors
(TBD) (E) Schematic timeline showing the experimental protocol for T cell stimulation. (F)
Expression of IFN-y and CD107a on CD8+ T cells stimulated by PMA and ionomyacin or HLA-
mismatched organoids as measured by flow cytometry and gating on viable CD8+ T cells.
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Figure 4.2. HCV antigen-specific lysis of A0201 B cell targets by KLVALGINAV CD8+ T cell
clone SR01-78 from an individual with spontaneous resolved HCV. (A) Schematic showing
the exogenous peptide pulsing system for CD8+ T cell reaction (B) Representative flow plot for
sorting CD8+ tetramer+ cells. (C) Chromium release assay demonstrating antigen specific lysis
of A0201 class | MHC transfected B cell (721.221) exogenously loaded peptide targets

(KLVALGINAYV and control peptide) and endogenously synthesized antigen targets (vwNS3 and
control vwWT) at effector to target ratios of 20:1, 5:1 and 1:1.
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Figure 4.3. Establishing ideal culture conditions for T cells and Liver organoids in
microfluidic chips. (A) Schematic detailing the experimental setup for monoculture of organoids
and T cells, individually, in 3D microfluidic chips with corresponding microscopy images. The chip
is made up of a central channel and 2 media channels on the top and bottom. Organoids are
cultured in the middle channel in BME (see brightfield images, right). T cells are loaded into the
chip from the media channels and migrate into the BME in the center of the chip driven by
pressure gradient (see fluorescent images, right). T cells are tracked by CellTracker Green. (B)
Quantification of T cell viability in RPMI, EM or RPMI:EM (1:1 volumetric ratio) media. T cells
stained with CellTracker (green) are counted as viable cells and DRAQ7+ cells (red) are counted
nonviable. (C) Organoids are classified as live or dead based on their intact morphology. Green
outline (left) indicates healthy organoid with epithelial integrity and red outline (right) indicates
atrophy and loss in viability. (D) Organoid survival in 3 media conditions: complete RPMI, EM and
a 1:1 ratio of EM:complete RPMI. Brightfield images of the organoids at 12 and 60 hours in all
media (top). Representative image of the classification of the viability of the organoids in each
condition (left). Quantification was done on three replicates by measuring the area of the
organoids. At 0 hours, the area is noted in yellow, and at the bottom the new area is noted with a
circle in green (growth), yellow (same size) and red (smaller).
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Figure 4.4. Coculture of T cells and liver organoids. (A) Schematic representation of the liver
organoid and T cell coculture system (top) and representative image of the coculture system in
the microfluidic chip (bottom). (B) Quantification of liver organoid viability after pulsing with peptide
with representative images of the coculture (left) and quantification over 60 hours (right).
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Figure 4.5. T cell killing response. (A) Representative microscopy image of the effect of T cell-
liver organoid interaction with and without the HCV peptide presentation on liver organoids. (B)
Survival curve of organoids in monoculture (black), coculture with T cell clones (blue) and
coculture with T cell clones after peptide pulsing (red) in 100:1, 20:1 and 5:1 coculture ratio of T
cells to liver cells. Each line represents one replicate.

108



Conclusion

While viral pandemics have been a constant throughout human history, the COVID-19
pandemic has made the dangers abundantly clear to the present-day world. These small viruses,
with genomes less than 0.01% the size of the human genome are able to cause massive global
disruption. The speed at which SARS-CoV-2 was identified as the causative agent, isolated,
sequenced, and cultured was extremely rapid. In comparison, the existence of HCV was posited
in the 1970s, identified in 1989, and a suitable cell culture system was discovered in 2005. While
the most biologically relevant and tractable model to study SARS-CoV-2 is still being debated,
the pivot to SARS-CoV-2 research across scientific disciplines in 2020 has led to a rapid
dissemination of knowledge about the way SARS-CoV-2 replicates and causes disease.

The difficulties of studying viruses in a laboratory remain underappreciated. Cells that
become reliably infected by viruses, such as the monkey kidney cell line, Veros, or those that can
easily be transfected with viral proteins such as HEK-293 cells bear minimal biological similarity
to target cells in vivo. Why cells that express a viral receptor and are the in vivo target cell are
resistant to high levels of infection ex vivo is not understood. The ability to translate between
clinical research, animal models, and in vitro human models needs to be more understood. Using
stem cell-derived models can hopefully bridge that gap.

However, SARS-CoV-2 research shows the limits of assuming that a relevant organ-
derived cell line can be easily recruited into novel virus research. A549 cells and airway organoids
have been reliably used to study influenza and respiratory syncytial virus, but were of limited use
without viral receptor overexpression to study SARS-CoV-2. As the likelihood of viral pandemics
increases, a framework for developing in vitro systems of studying them is important, and relies
on an understanding of the mechanisms for limitations of these systems. Still unknown is whether
the low infection rates observed in relevant cell models for HCV and SARS-CoV-2 is an accurate
representation of what occurs in vivo and better tools are needed for studying low infection rates,

or whether this is not indicative of the in vivo infection.
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SARS-CoV-2 research moved at such a fast speed due to a decade of SARS-CoV and
MERS-CoV, as well as research on the non-pathogenic coronaviruses. Coronaviruses
researchers were able to make progress on them, despite underfunding and underinvestment,
but gave, scientists a head start on establishing basic and translation research systems for SARS-
CoV-2. We may not be so lucky next time, and investments in basic virology, virologic
surveillance, and diverse pool of scientists are essential to protect the world against future viral

pandemics.
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